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J\BSTRJ\CT 
The work described in this thesis alms to improve un<lerstancllng of 
the event of integration of viral DNA during infection with adenoviruses. 
Evidence for the occurrence of integration of aclenovirus DNA during 
productive and abortive infection is reported . 
The integration of adenovir us DNA during productive infection was 
investigated with CELO v·rus , and avian adenovirus, in Chick Embryo Kidney 
(CEK) cells . Cell DNA from CELO virus infected CEK cells was separated 
from free viral DNA by three differen t methods . The cell DNA was then 
shown to contain vir al DNA sequences by r eannealing kinetics. Uninfected 
cells to which a known amount of viral DNA was added , were used as a 
control . Most integration occurred at late times in infection . 
Human cells (HEK) were infected by DNA negative mutants tsl25 or 
ts36 of AdS . Both integrated their DNA in the absence of viral DNA 
replication . AdS ts36 does not t ransform abortively infected cells at 
the non permissive temperature , while AdS tsl25 transforms them with 
higher frequency than w_Lld type virus at both permissive and non-permis-
sive temperature . In mouse cells abortive]y infect~d by AdS wild type 
or its mutants, the same percentage of v iral DNA was integrated a t 
either temperature . Each portion of the viral genome was integrated 
with equal frequency . The failure of AdS ts36 to transform at the non-
permissive temperature is therefore not due to a failure of the viral DNA 
to int grate . Similarly, the increased frequency of transformation by 
AdS tsl25 is not due to an increased capacity of the DNA to integrate. 
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Chapter 1 
GENLRAL 1N11Z0DUCTI0N : 
A Literature Review 
SCOPE OF TllE REVIEW 
This review is designed to introduce the reader to some aspects of 
viral DNA integration. It is restricted to viruses of either bacterial 
or animal origin which have been shown to insert their DNA into the genome 
of the host cell , i . e . , to integrate . Emphasis is placed on discussion of 
animal DNA viruses, as particularly relevant to the work reported in 
Chapters 2 and 3 . 
INTRODUCTION 
The term integration is rigorously defined as insertion of viral DNA 
by covalent bonds into host cell DNA following viral infection , and should 
be differ ntlated from terms like association oE viral DNA with infected 
host DNA or persistence of viral DNA w1thin the cell . Integration occurs 
during infection of the appropriate cell wi t h bacterial or animal viruses. 
The best studied and most definitely established examples of integrated 
viral genomes arc those of the temperate bac teriophages lambda , P2, P22 
and Mu . Among animal viruses , integration of viral DA has been shown to 
occur in DNA and RNA tumour viruses . The latter finding has elicited a 
great deal of interest in the phenomenon of integration with a view to 
understanding its role in transformation and oncogenesis . This survey, 
though emphasising the integration of the DNA of animal viruses, will also 
present selected topics dealing with lysogeny and temperate bacteriophages. 
A combined discussion of integration of viral DNA in prokaryotic and 
eukaryotic cells may be useful to improve our understanding of the basic 
mechanisms involved in integration by comparing and contrasting the events 
observed in different systems . 
2 
TEMP ElZJ\Tl~ BJ\CTERl Ol'liJ\C:ES J\Nl) LY s oc;EN lC CE u,s 
J\fLcr infection o[ a sen s itive bacterial strain with temperate 
b;1clcrlopli ;1ges such ,1s lrimhd.:i, P22, 1'2 ,111d Mu, Lwo :1ltcr11 ;1tlvc t"csponRcs 
;1n' s cl'll. Srn11c' ·cJ Is .'..lrC lysc'u by a process o[ pli;1gc~ mltl tlp]icatlon 
iclenLical to that of lytic phages, other cells are lysogcniscd, giving 
rise to normally growing cultures in which each cell harbours the phage 
in a non-infectious form . In the lysogenic state the phage DNA becomes 
inLcgraLc<l inLo Ll1e host DNL\ wlLh concornitanl tepresslon o[ most o[ Lile 
viral funcLions; the viral DNi\ then replicates in the integrated form 
synchronously with the host chromosome . Three steps characterise the 
lysogenisation of a cell : establishment of lysogeny, maintenance of 
lysogeny and capacity for induction . All of these functions are encoded 
in and expressed by the viral genome. The establishment of lysogeny 
requires expression o[ the early genes necessary [or Lhc integratlon 
event and at the same time repression of the late genes responsible for 
lytic development . Maintenance of lysogeny is dependent on the mainten-
ance o[ repression ; induction of lytic development requires release of 
repression , excision of the viral genome and expression of its late genes. 
All these aspects of lysogeny will now be examined in more detail in the 
case of the best analysed temperate phages lambda and Mu, which present 
in some respects markedly different types of behaviour. 
The lysogenisation by bacteriophage lambda (A) of Escherichia coli Kl2 
cells , which are sensitive to this phage constitutes an important model 
for the study of lysogeny. The DNA of bacteriophage lambda is a double 
stranded linear molecule of molecular weight 31 x 10 6 (Burgi and Hershey, 
1963) . It has cohesive ends (Hershey et al., 1963), i.e . , single stranded 
complementary sequences, 12 nucleotides long (Wu and Taylor, 1971) on 
either S ' terminus of the molecule . 
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The cohesive ends allow the molecule to circularise by means of 
hydrogen bonds. Upon infection of E. coli with lambda, the viral DNA is 
covalently closed by a DNA ligase (Young and Sinsheimer, 1964; Bode ancl 
Kaiser, 1965; Dove and Weigle , 1965; Gellert, 1967). During lysogeny, 
according to the now well documented model proposed by Campbell (Figure 1) 
the infecting phage DNA, after circularization, undergoes a single 
reciprocal recombination event at specific loci (att. sites) on the 
bacterial and viral chromosomes (C ampbell , 1962) . Repression of late 
viral functions is necessary for the establishment of lysogeny and is 
effected by the continuous expression of a repressor protein coded by the 
CI gene (Ptashne, 1967). The expression of gene CI is positively regu-
lated by CII and CIII gene functions (Reichardt and Kaiser, 1971; Echols 
and Green, 1971; Reichardt, 1975). The cro gene product turns off 
rcprcssor synthesis by d Lrcctly reducing c11 ~rnd c111 gene expression 
(Reichardt, 1975) . Integration of the phage DNA is promoted by the 
product of the int gene, which maps immediately to the right of the att 
s i L c . T Ii c i 11 t g cu c pr o<l u c. t is r c q u i r <..' <l [ or b o t Ii i 11 L c gr a t i o 11 an <l c x c. ls l on 
o[ Lhc \ proplwgc (Zissler, 1967; Gingery and Echols , 1967; Gottesman and 
Y.:.1rm0Jlnsky , L968) . The excision reaction requires, iu addition , t:he 
product of a second phage gene , xis , which maps immediately to the right 
of the int gene (Guarneros and Echols , 1973; Kaiser and Masuda , 1973). 
Lambda DNA is normally integrated between the _gtl and the bio sites 
on the host chromosome by alkali stable, and presumably covalent, bonds 
(Friefeld er and Meselson , 1970) . When l!,' . coli chromosome carries 
deletion of the gal-b io region, that is, of the primary bacterial at t 
site, int dependent integration of lambda c n be detected at numerous loci 
(secondary bacterial att sites) on the E. coli chromosome though occurring 
at only about 0 . 5 percent of tl1e normal frequency of integration (Shimada 
et al ., 1972; 1975) . This integration always involves the phage att 
FlGURE 1: Campbell's (1962) moc_lel for integration an<l excision of 
bacteriophage lambda 
Rectangles represeut the attachment sites on bacteriophage 
(continuous line) and cellular (broken line) DNAs . The attachment 
sites are represented formally as PP' on the phage DNA, and as BB ' 
on the cellular DNA, to indicate that each of them is made up of 
non homologous recognition elements bracketing a central crossover 
point or region. 
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sites , and ls hus very similar t o the behaviour o[ IS elements . IS 
in sC'rtion sequences h c l ong to the.' clc:1Ss of Lr,1nsloc.1t.1hl c- 1 'mcnts ln 
prok:1ryolc •!; . /\ p :1rtlc·11l ;1r l)NJ\ sC'qtt<'llC't' i !; ;1 tr :111 i; lcw ;1t :1hlc· c'lc·mc•nt If It 
c;111 mov<', ,1s : 1 di sc rete 0c I1 ~ l e ;111<.l pliy s l c.:1I c nLily, by rec-A in<lcpcn<l c11 L 
translocatLon, from one sj tc on a pr ok:::iryotlc chromosome to another site 
on the s.1mc or a different chromosome . IS clements , b0ctcriophagcs and 
drug resistance clements , are translocatable elements which so far have 
mcL Lhcsc' cr iLc'rL1. l11Lc.·1•,r;1Lion ocn1 1~s l>y rc·clpro<':1I rcco111hl11aLJ011 
hclwccn ·Ll1 c so-c;1 1 lc.'d POP ' nncl B013 1 att sltcs 011 the phage and bactcrlal 
DNA s rc s pcct.ivcly ; the proplwgc att sites are then <lcslgnated BOP ' and 
POB 1 (Figure 1) . During the integration process the gene order of the 
ph<.1gc is pcr111uLc<l (Cale[ anJ Llcciar<lello , 1960; Rothman , 1965; Franklin 
c t al ., 1965 ; Figure 1), as originally proposed by Campbell (1962). 
Recent work on Ll1c sequences o[ the L ::1.111b<la att sites (Landy and Ross, 
1977 ; Davies et al ., 1977) has shown that the phage att site and 
bac t erial att site have in common a sequence (the O sequence) 15 
nucleotide pail:'s long and that the event of integrative recombination ls 
wiLhin the limits of this ' common core ' sequence . The four sets of 
sequences adjacent to the ' common core ' region are different from one 
another and are referred to as ' arms ' (P, P', 13 , B') . The core region 
is 80 percent A+ T; this bias in base composition is extended also to 
the left and r lght sequences of the crossover region. Regions of very 
high A + T content are susceptible to denaturation, particularly in 
supercoil cl mo]ecules , which have been shown to be the preferred substrate 
for integrative recombination of lambda (Mizuuchi and Nash , 1976; 
Gellert et al ., 1976; Mizuuchi and Gellert, 1978) . 
Some special functions associated with the Parm might be suggested 
by its unusual concentration of molecular palindromes and direct repeats. 
The bacterial att site is by comparison sparse in such sequence features 
5 
and a 1 ss 'active ' role seems consistent with the higher frequency - and 
implied lack o[ specificity - of secondary bacterial att sites. Two 
other poss-Lb]y interesting features are associated with the att site 
SC(JllC'nces . One is the occurrence in the OP' core-arm junction of 
pot ntial RNA polymerase recognition sites; the other is a homology 
between sequences at the core-arm OP ' junction and the 3 ' end of 16S 
ribosomal R A . 
FLnaJly, in ~rnd 0roL1ncl tile crossover r('ginn occur scqllcnccs tlrnt <1re 
also found close to the integration site of the DNA insertion elements 
IS 1 (Landy and Ross, 1977) . This homology raises an interesting question 
about the relationship between the int protein and the proteins acting on 
IS 1 , and the involvement of these sequences in recognition by host 
proteins . This sequence homology might also be related to the observation 
that at least one secondary insertion site for lambda on the E. coli 
chromosome is genetically inseparable from a site frequently occupied by 
IS sequence (Shimada et al ., 197 3) . . 
The functional significance of these sequences iJS well iJS that of 
the others mentioned above still remains to be shown and is at this stage 
only a matter [ or speculation . However , the DNA sequences presented by 
Wayne et al . , (1977) and Landy au<l Ross (1977) will provide the basis for 
further definition of important features of DNA sequences involved in 
site specific recombination . 
1xcision of the lambda DNA from its integrated state (prophage) is 
the reversal of integration and requires recombination of the P and P' 
sites on the prophage . For efficient excision the products of both the 
int and xis genes are required. Little is known about the regulatory 
mechanisms of genes int and xis; it is paradoxical how the phage genome 
manages to stay integrated when both integration and excision are equally 
efficient and the int and xis genes belong to the same operon N. It also 
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remains Lo b <le[ine<l which cellular and/or viraJ Eactors influence the 
outcome of ;rn infcc.tLon of E. coli by Jrnnbda, as well c1s wliat consequences 
for Lil host c 11 result from integration of th v ·iral DNA. 
To co11cl11clc, it is lmportr1nt to stress, despite the incomplete 
picLurc, L11c1 a phage encolec.1, highly cf(icicnt recombination system 
xis ts leading to the insertion of the phage lambda DNA into the bacterial 
chromosome at specific sites. 
Tl1l Ll'111pl'r;1L<.' h;1('Ll'riopl1,1g<.· Mu of P.. coli, Kl2, is vC'ry cli([crcnt from 
L::imbda with regard to the moleculclr events of its life cycle. The genome 
o( the mature Mu bacteriophage is a Jine;:ir DNJ\ duplex molecu]e of molecu-
lar weight 28 x 10 6 (Torti et al., 1970 ; MarLuscelli et al., 1971). A 
[ ature of Hu DNA is the presence of a JOOO base pair sequence located 
near the S nd which can undergo inversion . The sequence, called the G 
segnH.~nl, c,:111 l.nverl by rccu111binaU. on bclwce11 idcnli<':1 ·1, hut inverted, 
sequences of about 50 base pairs flanking the G segment (Hsu and 
Davidsou , 1974) . It has been shown t h at the invertible G segment affects 
Lhe infectivity o[ progeny Mu parLlcles (Bukhari t:1nd Ambrosio, 1978; 
Kamp et al ., 1978) . Only Mu particles containing the G DNA fragment in 
one orienlation (called + or flip) arc infectious, wl1ile those containing 
the G DNA fragment in the opposite orientation (- or flop) [ail to ln[cct, 
apparently as a result of the inability of their progeny to absorb to the 
cells. However, the most striking and unique property of the Mu DNA is 
the nature of its ends . When the two DNA strands are separated and 
reannealed , complete duplexes are not regenerated. Instead one end, 
identified as the right or Send , is always split into two single stranded 
tails, visible in the electron microscope (Daniell et al., 1973; Hsu and 
Davidson, 1974) . The single stranded tails are variable in length (0.5 -
3 kb) and their failure to renature reflects the heterogeneity of their 
sequences. Studies on the renaturation kinetics of the Mu DNA have 
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impll d that l.!,' . coli DNJ\ sequences at lh c S end arc responsible [or their 
heteroge n eity (Daniell et al ., 1975). It has recently been shown 
conclu sivc ]y that E. coli DNJ\ is present at the Send and also th a t a 
shorter E. coli seq ue nc e exis ts a t the opposite C (l e ft) end (Bukh ari 
et al ., 1976), as had been previously suggested by Allett and Bukhari 
(1975). The e nd sequences r epr sent different parts of th e E. coli 
chromosome and the amount of host sequence at the C end (70 - 150 base 
po.lrs) i s about t c n[old less thcJ.n that prcseu t at the S e nd. Mu is so 
far the only viral sys tern in which mature viral DNA acquires host 
sequences during normal replication. The temperate bacteriophage genomes 
generally have either cohesive ends or have directly repeated end 
sequences which are used to convert the linear DNA molecules into 
circular forms. Bacteriophage Mu has heterogenous sequences at the ends 
of its DNA and h.-::is no obvious means of fusing them to form circular 
molecules. The Mu DNJ\ does , however, integrate into the E. coli chromosome, 
in both lysogenic and lytic infection, as I shall discuss later. A 
striking feature of tills phage i s that it causes random pol a r mutations in 
a large number o[ the genes of the lysogenised hos t (Taylor, 1963; 
Marlusce lJi ct al ., 1971; Bukhari anc.l Zipscr, 1972). Su ch mulatlons have 
been correlated with the location of th e ins e rtion of the phage genome 
into the host chromosome (Martuscelli et al., 1971; Boram and Abelson, 
1971; Bukhari and Zips er, 1972). The Mu genome can be integrated in the 
E. coli chromosome randomly, irrespective of the host sequences encountered 
(Bukhari and Zipser, 1972) . In this respect the temperate E. coli phage 
Mu differs markedly from other temperate phages , like lambda or P22 which 
have one specific site of inte gration or ph age P2 which has a limited 
number of attachment sites (Calendar and Lindhal, 1969). There is 
evidence that the Mu phage genome can be inserted in a clockwise or counter 
clockwise orientation with respect to the bacterial chromosome (Abelson 
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et al., 1973), and that th gen tic and physical map of prophage and 
v getative phage are congruent (Hsu and Davidson, 1972; L\belson et al., 
1973). The topography of integrative recombination must therefore differ 
from Lh:1t of A. Little is known however about the enzymatic mechanism 
that is responsi.ble for the insertion of Mu DNA except that it is phage 
ncocled, recognises a specific site on the phage DNA and has apparently 
no specific r quirements as to recognition of host sequences. 
As ml'nLloncd pr viously, r;_mdom i11Lt.'l;r~1LJon of Mu DNA lnt:o the host 
chromosome also occurs during lytic development , and following induction 
of prophagc (Rozzaki and Bukhari, 1975) . Ljungquist and Bukhari (1977) 
have shown that the original junctions between prophage and host DNA 
p ,rsist a(tl'r induction until late in the 1ytic cycle. It ls implied 
Lhat the proph..1ge DNA remains at its origin.:11 location when Mu DNA is 
actlveJy rcpJicaLing ;_md apparcnLly many coples o[ Mu DNA have been 
integrated into the host DNA . It is therefore po~tulated that the Mu 
integrative precursor, the form of DNL\ t hat is inserted into the host 
DNA , is g nerated by repllcation of Mu DNL\. 
Finally , the packaging of Mu DNA apparently occurs from maturation 
precursors Lhat contain Mu DNL\ covalently linked to host DNA (Bukhari 
and Taylor , 1975) . The host sequences of Mu DNA ends have thus been 
postulated to arise by headful packaging of such maturation precursors. 
This would mean that the headful packaging of Mu DNA starts from the C 
end , linked to host DNA, and proceeds towards the Send, also linked to 
host DNA, and that the presence of host DNA at the S end is a phenomenon 
of the size of Mu DNA. The acquisition of 75-150 host base pairs at the 
C end is apparently a specific event, unrelated to the size of Mu DNA 
being packaged (Bukhari et al . , 1976) . Thus, bacteriophage Mu does not 
conform to the standard mode of integration-excision of temperate 
bacteriophage. The simple recombinational event proposed by Campbell 
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(1962) to explain the integration, and by a reverse process the excision 
of lamlxla DNJ\. [rom the host chromosome, does not apply to bacteriophage 
Mu. Also, Mu DNA extensively re-integrates into the host chromosome 
during lytic infection, while during lytic infection with bacteriophage 
lambda the integration functions are repressed (Herskowitz, 1973). 
Up to this point, lysogeny has been analysed with respect to the 
molecular and genetic properties of the infecting bacteriophage, which 
is the arrier of the genetic informotion necessary to cstoblish lysogeny. 
Lysogeny, however, must also be considered in relation to its effect on 
the infected host. 
Lysogenic cells carrying a prophage become immune to lytic super-
infection witl1 bacteriophage of the same strain. This is known to occur 
via repression of the lytic genes in the superinfecting phage by the 
rcpressor produce<l by the prophage in lysogcnic cells . An induced 
prophage can also transduce a restricted group of genes, which are 
located near the prophage insertion site. The~ region is, for example, 
Lrans<lu ce<l by the A prophagc after this has been induce<l. The bacterial 
phenotype can also be altered by the presence of certain prophages; this 
phenomenon ls callc<l ' conversion '. The ' converting' genes are , however, 
also actlv during lytic infection. One example of phage conversion is 
the production of diphtheria toxins by Coryneba,cterium diphtheriae . The 
temperate phage B controls the synthesis of toxin which is produced only 
as long as lysogeny persists . Another example of lysogenic conversion is 
the alteration of surface antigens in Salmonella typhirrruriwn cells. These 
new properties conferred on the lysogenised cells by the prophage are 
inherited and as such they have to be viewe as new genetic characteristics 
of the lysogenic cell. 
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Th DNAs of lysogenic bacteriophages such as Mu and lambda, may be 
thought of as very large translocatable elements , as mentioned above . 
Their i.ns 'r ion into th b:1ctcria] c:liromosomc is rc'c-/\ ind pendent. As 
dcscri.bccl, M1t DNA can insert ,it a large number of sites on the host 
chromosome , ~1i]e lambda DNA normally integrates at a specific single 
site . However , when the normal specific single site on the host chromo-
some is deleted , lambda DNA integrates, at much lower frequencies , into 
mnny other s ilcs . Tioth lnmhdn and Mu cause mu1- c1tions in the bacterL1l 
chr omosom by inserting their DNAs within structural genes and cause 
polar effects on the expression of distal genes when their DNAs are 
inserted in an operon (Adhya and Shapiro , 1969 ; Bukhari and Zipser, 1972; 
Daniell ct al ., 1972 ; Shlma<la et al. , 1973; Berg e-t al. , 1975) . The same 
polar effect is exerted also by most of the translocatable elements. 
lnlcr[l'rcnce by l11LcgraLcd propl1agc with Lhl' expression of neiglibourlng 
genes ls observed in the increased repression of the~ operon by the 
adjacent lambda prophage (Adhya et al ., 1974) . The ~ operon can be 
tr<J.11scrlbcd nol only by the normal g<1l cellular promoter (P 1), but also ga 
from the P
1 
promoter of bacteriophage lambda , under the control of lambda 
regulatory functions (Adhya et al ., 1974) . It has been found that when 
the~ operon is under phage control , it becomes discoordinately trans-
scribed and expressed (Merrill et al. , 1978) . 
There is evidence that most of the mutations induced by insertion of 
translocatable elements in a structural gene revert at detectable 
frequencies (Shimada ct al. , 197]; Ahmc<l <1ncl Johansen, 1975; Bukhari, 
1975; Starlinger and Saedler, 1976) . However, a small proportion of such 
mutations will become stable . Of the mutations caused by insertion of 
Hu prophage into the lac gene, as many as 25 percent fail to revert. Non-
reverting mutants carry a deleted lac gene (Howe and Zipser, 1974; Bukhari, 
1975; Cabezon et al ., 1975) . It is thus legitimate to look at 
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bactcrlophages as possible mutating agents , able to cause stable and 
inheritable alterations in the lysogenised cells . In this and other 
... 
respe ts bacteria lysogcnised by bacteriophagcs resemb]c ccl]s trans-
formed by animal viruses, wl1ich will be discussed below. 
ANIMAL VIRUSES 
RNA TUMOUR VIRUSES 
RNA tumour viruses are widely spread throughout the animal species. 
Rats, mlce, birds, cats, hamsters, monkeys and other animals are hosts to 
RNA tlllllour viruses . Most RNA tumour viruses induce sarcomas and 
leukaemias, which are tumours of the connective tissue and of the 
haemopoietic-reticuloendothelial system respectively. The only RNA tumour 
virus which is known to cause carcinomas is mouse mammary tumour virus 
(MMTV). Carcinomas are malignant tumours of epithelial origin and are the 
most common tumours in humans. Breast cancer is the human analogue of 
the mouse mammary carcinoma. Although this has not been unequivocally 
demonstrated, there is considerable evidence of RNA tumour virus particles 
in human breast tissue and milk (Moore et al ., 1971; Dion and Moore, 1972; 
Sarkar and Moore, 1972) and of RNA tumour virus components, e.g ., RNA and 
reverse transcriptase, in human leukaemia (Spiegelman et al ., 1973; 
Tcx:laro and Gallo, 1973; Gallo et al., 1973; Mak et al., 1975). No 
infectious RNA virus particles have ever been isolated from biopsies of 
human tumours . 
The RNA tumour viruses can be classified on the basis of their 
morphology, as revealed in the electron microscope, into A-type, B-type 
and C-type particles (Gross, 1970; Sarkar et al ., 1972). All mature 
leukaemia. and sarcoma RNA vi ruses have a C-type morphology , while MMTV 
has a B-type morphology. The response of a cell to infection with an RNA 
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tumour virus i s complex . RNA tumour virus do n ot show a clear-cut 
distinc tion be tween productive infection an d transformation. Cells 
infe c ted by th ese viruses are n ot killed, un<l virus replication can be 
accomp an icd by c J 1 tr an sformati on. Whc thcr infected cells be come tran s -
formed, or yield virus, or both , depends on many parame ters including the 
genotype and th phe notype of both the ce ll and the virus. Permissive 
cells are defined as those which support the replication of the virus and 
arc converted to a trm1.sforme <l state by the Lumour virus, wli crcus non-
permiss ive cells do not support virus growth, but may be transformed at 
low frequency (Tem in, 1971). In general, RNA viruses replicate only in 
cells of the same species as that of their natural hosts. Sarcoma viruses 
transform fibroblasts in vitro and they can be assayed by focus formation 
in fibroblast monolayers. Leukaemia viruses do not transform fibroblasts 
ln culture , though they r e plicate in them. However, they can transform 
lymphopoietic or haemopoietic cells in culture and induce lympho-
proliferative disease in animals . 
RNA tumour viruses contain a complex 0£ several single stranded RNA 
species (Robinson et al ., 1965; Robinson and Baluda, 1965; Duesberg and 
Robinson, 1966; reviews by: Duesberg, 1970; Temin, 1971), which sedime nts 
at 60-70 Sin neutral sucrose gradients and has a total molecular weight 
0£ approximately 10 7 . Upon exposure to denaturing conditions, this 
complex dissociates into a major component with a sedimentation coefficient 
of about 35 Sand a molecular weight of 2.5 x 10 6 to 3.3 x 10 6 , and 
several sm~Jl (4 to 10 S) RNA species (Duesberg , 1968; Erikson, 1969). 
Electron microscopy of the 60-70 S RNA species sugges ts that it is 
composed of two 35 S RNA molecules with identical nucleotide sequences 
linked toge ther by the ir ends (Delius et al ., 1974; Baluda et al., 1974; 
Duesbc rg ct al . , 197 4; Kun g et al. , 1975). 
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Termina lly repeated sequences have been found at the ends of the 35 S 
RNA ge nom of Rous Sarcoma Virus (RSV) and Avi an Sarcoma Virus (ASV). An 
RNA se que n ce , twenty-on bases long, at the 3 ' e nd, next to a po]y (A) 
re gion, is identica] to th e sequence found adjacent to the ' cap ' a t the 
5 ' end (H asel tine et al ., 1977 ; Schwartz et al ., 1977; Coffin and 
Haseltine, 1977; Colle tt et al ., 1977) . The 4 S RNA species released upon 
denaturation of the 60-70 S complex is t-RNA which serves as primer during 
Lh, Lranscr.lpllon of Lhc vlrul genome (C .. mcJ anl ancJ Duesl>crg, 1972; Furas 
et al ., 1974; Haseltine et al., 1976). Associated with the virion of RNA 
tumour v ruses , and encoded in the viral genome (Linial and Mason, 1973; 
Wyke and Linial, 1973) is the enzyme reverse transcriptase, an RNA-
dependent DNA polymerase (T emin and Mizutani, 1970; Baltimore, 1970; Tcrnin 
and Bal ti more, 197 2) . 
The discovery of the reverse lranscriptasc Ilnally s upplied an 
explanation for numerous experiments suggesting the involvement of a DNA 
intermediate in the replication of the RNA tumour viruses (Temin, 1963; 
1964; Bader, 1964; Bader and Bader, 1970; Balduzzi and Morgan, 1970; 
Boettige r and Temin, 1970). To account for the unexpected data hinting 
at the participation of a DNA intermediate in the r e plication of the 
viral RNA, Temin proposed, in 1964, his provirus hypothesis. He suggested 
that a DNA copy of the infecting single stranded RNA, the provirus, is the 
replicative intermediate of the RNA tumour viruses and becomes integrated 
into the host cell chromosome. The discovery in 1970 of the enzyme 
reverse trans c riptase in Rous Sarcoma and Rauscher mouse leukaemia 
virions (Baltimore, 1970; Ternin and Mizutani, 1970) satisfied the require-
ment of th e provirus hypothesis, for an enzyme capable of transcribing 
DNA from viral RNA . Reverse transcriptase is found in all RNA tumour 
viruses (Temin and Baltimore, 1972) . The enzyme promotes synthesis of DNA 
and accepts natural and synthetic RNA and DNA as template. 
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Hausen and Stein (1970) demonstrated that there was also a 
ribonuclcase, called H, associated with the polymerase and inseparable 
from it by physical techniques (Baltimore and Smoler, 1972; Keller and 
Crouch, 1972) . Ribonuclease H specifically degrades the RNA strand of 
an RNA-DNA hybrid but does not degrade either single or double stranded 
RNA (Hausen and Stein, 1970). Ribonuclease H may participate in the 
replication of DNA by removing primers from the template subsequent to 
the in i L i:1l ion of DNJ\ synthesis (Kel lcr c1ncl Crouch, 1972; ncrkowcr et aZ., 
1973) . Molecular studies now provide definite evidence for both the 
existence of a provirus and the central role of the provirus in viral 
replication and virus induced transformation. 
After entry of the virus into the eel], the virion RNA-dependent 
DNJ\ polymerase becomes activated (Temin and Mizutani, 1970; Baltimore, 
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single-stranded and then into double-stranded DNA (Temin and Baltimore, 
19 72) . Viral DNi\ is synthesised in the cytoplasm in the first few hours 
a[ Ler infccllon (ll,1tan..1ku ct al ., 1971 ; V,1rmus ct al., 1973). Thi.s 
cytoplasmic viral DNi\ appears as both linear and circular duplex molecules 
of a length similar to that of a subunit of the viral RNA genome (Guntaka 
et al ., 1975) . Most o[ these molecules have a covalently continuous full 
length strand of DNA which is complementary to the viral genome ( ' minus' 
strand) and a ' plus ' strand which contains a number of nicks, that is, it 
is not covalently continuous (Gianni and Weinberg, 1975; Varmus et al . , 
1976) . Viral DNA then migrates to the nucleus where it is detected as a 
covalently closed supercoiled circle just prior to integration into the 
host chromosome (Gianni et al. , 1975 ; Varmus and Shank , 1976). It has 
been shown that the linear cytoplasmic DNA is a precursor of the 
covalently closed circular DNA in the nucleus (Shank and Varmus, 1978) . 
Since the finding that the 35 S RNA contains terminally repeated sequences 
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at its ends (Coffin and Haseltine, 1977; Collett e t al., 1977; Haseltine 
et al . , 1977; Schwartz e t al., 1977), possible ways of circularisation of 
the molecule can be envisaged. 
Th vir.'.11 DNA, after ntry into the nucleus and circularisation, 
integrates into the host chromosome. Apparently the supercoiled circular 
DNA form is a necessary requirement for integration, since ethidium 
bromide reduces the formation of superhelical turns and concomitantly 
blocks th integration of the viral genome (Gunt<'lka ct al., 1975). It 
seems also that integration of viral DNA requires cellular DNA repli-
cation (Varmus et al ., 1977) . The first physical evidence for the 
existence of an integrated provirus , as postulated by Temin, came from the 
work of Varmus (Varmus et al ., 1973) . A new technique was developed to 
test for integration of virus specific DNA into the DNA of higher organisms. 
This is called the ' network ' technique and is based on the presence of 
extensively repeated sequences in the high molecular weight DNA of 
eukaryotic cells . When unsheared denat u red cell DNA is incubated at Cot 
values (nucleotide molar concentration x time in seconds) which allow 
repeated , but not unique, sequences to reanneal, networks of DNA are 
formed ; these can be separated from the rest of the DNA by sedimentation. 
The finding of virus-specific DNA in networks demonstrates covalent 
linkage of viral DNA to cellular DNA containing repeated sequences, and 
thus, its integration in the cell genome. 
This approach was used to study RSV-specific DNA in both: (i) duck 
embryo fibroblasts which are transformed by RSV, and support its repli-
cation ; and (ii) BALB/c 3T3 mouse cells which are inefficiently trans-
formed , and do not support RSV replication . Cellular DNA networks were 
prepared from these cells after transformation by RSV, and were assayed 
for viral sequences by DNA-DNA reannealing kinetics (Gelb et al., 1971). 
16 
Different amounts of RSV-specific DNA were detected integrated in the DNA 
ne twork of trc1nsformccl duck cells (4-6 viral DNA equiva]en ts per cell) 
and of transformed mouse c ]ls (0. 8 viral DNA equiva]cnts p r cell). No 
vira]-sp ectfic DNA co uld b detected in uninfec t ed cells . 
The netwo rk assay was also used to t est for integration of viral 
DNA ln mouse and duck ce lls 12 h after infe c tion with RSV . Unintegrated 
as well as integrated sequences were found. This further validated the 
nc Lwork m Lhod as a Le s t for JnL 'gr;1tlon of vlr ,7 1 sequences, si.ncc .Lt 
distinguished between free and integrated s e quences . The method, as 
originally described, did not take into account that free viral DNA can 
contaminate the network pellet of cell DNA after sedimentation. 
Permissive and non-,permissive cells infected wiLh ASV were also 
analysed for integrated and non-integrated viral DNA sequences (Varmus 
cl al . , 1976) . lnfcctc<l cell DNA w<.1s fractionated eltlier by network 
formation or by sedimentation in alkaline sucrose gradients in a zonal 
rotor . Integrated and non-integrated viral DNA were detected using either 
o[ these procedur es . The agreement of the results obtained 
indica t e d tha t both me thods are adequate to separate high molecular cell 
DNA to be teste d for integrated viral sequences from free viral DNA. 
Unintegrated virus-specific DNA consisted of duplexes with 'minus' strands 
of the length of subunit (35 S) RNA, and relatively short fragmented 
' plus ' strands (Varmus et al ., 1976) . This form of the DNA was shown to 
be confined to the cytoplasm. 
11ill and llillova (1972; 1974) showed that th e enti re gen e tic 
equivalent of RSV required for transformation (and infectivity) was 
associated with the ge nome of RSV transformed mammalian cells. Cell DNA 
from non-pe rmis sive XC rat cells transformed by the Prague strain of RSV 
was purified , after denaturation in alkali and neutralisation, by 
sedimentation in n eutral CsCl gradients . This purified cell DNA was 
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shown to hav the capacity, both in the native and in the denatured form, 
o trans(orm chicken mbryo fibroblast cells . After sedimentation in 
alkaline buoyant density gradients or in alkaline glycerol gradients, XC 
c 11 DNA mn'ntnined its transforming capacity . In these gradients the 
cellular DNA sediments at a different buoyant density or at a different 
rate from free circular (or linear) viral DNA and is thus very likely to 
be free of viral contaminants . Therefore , the viral sequences associated 
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integrated . 
However , integration of virus-specific DNA is not restricted to 
infected cells . In early attempts to find evidence to support the provirus 
hypothesis, Temin (1964) looked for viral DNA sequences in RNA tumour virus 
infected cells. The finding that virus specific sequences were present in 
control as well as in infected cells <lid not then seem to support the 
provirus hypothesis, and the true significance of the data were not under-
stood. However, since the introduction of more sensitive methods for the 
detection of viral DNA sequences , further evidence has accumulated for 
the presence of RNA tumour virus specific DNA sequences in uninfected 
cells . 
Uninfected cells of many species contain the genetic ability to 
produce C-type viruses. Mice also harbour the genes of B-type viruses 
(Varmus et al ., 1972 ; Nandi and McGrath , 1973; Lieber et al., 1973). The 
presence of virus-specific DNA sequences in uninfected cells has been 
demonstrated by RNA-DNA filter hybridization (Rosenthal et al., 1971; 
Baluda, 1972) and by reannealing kinetics with labelled virus-specific 
DNA probes (Varmus et al ., 1972; Markham and Baluda, 1973; Varmus et al., 
1976) . These methcxls will be described in a later section. Markham and 
Baluda (1973) showed that virus-specific DNA sequences were associated 
with high molecular weight DNA fractionated from normal chicken embryo 
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librobl.:isls, .:incJ from virus-producing Jeukc1emic cells transformed by .L\MV, 
by sedim ntation in alkaJine sucrose gradients . This suggested that the 
viral DNA sequences were integrated into the cell DNA . 
Th expression of ndogenous virnJ genes (i.e., not derived from any 
exogenous virnl infection) in uninfected cells can be partial or complete 
and is subject to a genetically determined regulation . A significant 
example of partial expression is the presence of viral specific antigens 
in otherwise normal cc]ls (Payne and Chubb, 1968; Taylor et al. , 1971). 
In chickens and mice this property segregates like an autosomal trait of 
the cellular genotype and correlates wi t h the presence of RNA transcribed 
from endogenous provirus (Payne and Chubb , 1968 ; Taylor et al . , 1 9 71; 
Hayward and Hanafusa , 1973) . These data suggest that the viral DNA is 
integrated into the cellular genome . Other manifestations of the 
expression of endogenous viral genes are the presence of virus-specific 
RNA in apparently uninfected cells lacking the group specific antigen 
(Hayward and Hanafusa , 19 7 3 ; Benveniste et al ., 19 73), and the capacity 
of some normnl cells to complement the replication of exogenous viruses 
(Weiss and Payne , 1971 ; Hanafusa et al ., 1972) . Spontaneous production 
of endogenous virus has been observed , mostly in chickens, mice and ca ts 
(Vogt and Friis , 1971; Todaro, 1972 ; Lieber et al ., 1973; Livingston and 
Todaro , 1973) . Production of endogenous virus can also be induced by 
treatment of cultured cells with a variety of physical and chemical 
agents (Weiss et al ., 1971 ; Aaronson et al ., 1971) . 
All these data support the conclusion that most avian and murine 
cell lines contain the genome of an RNA tumour virus, either in part or 
complete, and that this genetic information can be variably expressed or 
activated . They strongly suggest that the virus specific information is 
transmitted vertically from generation to generation in the form of 
integrated DA provirus . 
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One impor ant aspect of th in L gratlon event concerns the sites of 
jnLegra .1 on on Lh e h os t DNA, the number o[ virn] copies , their speci-
ficity , ancl the arrangement of the integrated DNA sequen ces . Information 
about thcs f eatu res of integration could impr ove our understanding of 
the mechanisms by which int egration occurs and, possibly, the regulation 
of th expression of integrat ed viral ge n es . TI1 e lo ca lisation of genes 
in eukaryotic cells is difficult because of genomic complexity and 
sc:.1rc:iLy or c:li,1r.1l'Ll'rist:<l ccllul;11- markl'rs . il<lW l: Vl'r poLcnL:J ,11 markers 
are represented by the highly reiterated sequences of eukaryotic DNA 
(Britten an<l Kohne , 1968) , and integrated viral DNA can be localised in 
relation to them . Denatured DNA sequences reanneal at a rate proportional 
to their concentration . TI1erefore cellular DNA fragments containing 
reiterated sequences will reanneal faster than fragments of the same size 
containing unique sequences . Cell DNJ\. can thu s be fractionated into 
components with different sequence reiteration on the basis of their 
difference in rate of reannealing . The amount of DNA reannealed , i . e., 
double stranded , can be estimated by chromatography on hydroxylapatite 
and then tested for viral sequences . 
Evans et al . (1974) reported that in normal chicken cells , endogenous 
viral DNA , partially homologous to Af1V RNA , appeared to be associated with 
reiterated cell sequences , and that it appeared that viral DNA was 
integrated in segments with a maximal size approximately similar to that 
of the 35 S AMV RNA . On the other hand, in leukaemic cells additional AMV 
sequences appeared to be integrated adjacent to unique cellular DNA, or 
in tandem with endogenous viral DNA . Variations in the integration site 
of RNA tumour virus DNA in different hosts were reported by Dastoor et al. 
(1977). It appeared that the proviral DNA of avian RNA tumour viruses 
could integrate into host DNA at sites which di£ fer in sequence 
reiteration frequency . 
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The pattern of integrated avian sarcoma virus DNA sequ nces was 
investigated in six ASV transformed mammalian cell lines thought to con-
tain free viral DNA (Collins and Parsons, 1977) . DNA from the ASV 
transform cl c 11 Jines wns digested with three restriction endonucleases, 
fractionated by agarose gel electrophoresis, transferred to nicrocellulose 
filter strips , and hybridised with 32 P-c-DNA probes . Each of the 
transformed cell lines gqve one or more common viral-specific DNA 
fragments after digestion with the three restriction enzymes suggesting 
that the same site on the circular provirus may be involved in recombin-
ation with the host DNJ\ in all six Af1V transformed cell lines examined. 
These experiments , however, did not unequivocally establish whether 
integration of the ASV specific DNA was at unique cellular site or at 
different sites within the host cell DNA. 
Khoury and llanafusa (1976) an<l Battula and Tcmin (1977; 1978) have 
also attempted to test if integration of provirus is limited to specific 
sites in the cell DNA after RNA tumour virus infection. They measured 
the var la tlon in L he number o[ copies o[ v ir us-s pee if i c DNJ\. i ntcgr ated 
in chicken embryo fibroblasts after RAV-2 infection with different 
multipliciLlcs and at short times, long times, and several transfers 
after infection (Khoury and Hanafusa, 1976). The finding that viral 
infection caused the permanent addition of a constant number of copies 
of integrated viral DNA sequences , independent of the multiplicity of 
infection, is consistent with the hypothesis that chicken cells contain 
a limited number of specific integration sites for the viral DNA. 
After infection by spleen necrosis virus (SNV) and other reticulo-
endotheliosis viruses, avian cells have a phase of virus production 
accompanied by cytopathic effect and death of some cells. This phase 
is called acute infection. After this phase, the cytopathic effect 
disappears and the cells regain a normal appearance . This stage is 
call d chronic infection. Battula and Temin (1977) showed that SNV 
sp cific DNA was integrated at a unique site in chronically infected 
c lls and at multiple sites in acutely inf cted cl1icken celJs. The 
Lntegrc1tcd vLrus specific DNA was infectious, which indicated that the 
entir vira] in[ormation was present . It was postulated then (Battula 
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c1ncl Tcmin, 1977) that dec1th of the ce] ls in the acute infection was due 
to the integration of the infectious viral DNA at multiple sites . This 
l1ypt1Llit'~iiS \,,J;Js rurlli('r l('Sll'd hy co111p:1rill}', 1-liC' r:1ltf'r11s or l11tC'p,rntirn1 
of infectious DNA in fibroblasts of different avian species chronically 
and acutely in(ected , at various multiplicities, with two avian 
reticuloendotheliosis viruses (Battula and Temin, 1978) . The results 
demonstrated that infectious DNA was integrated at multiple sites in 
acutely infected cells and at a single site in chronically infected cells. 
The p;:ittcrn of integration wc1s incJcpcnd'"'nt or Lile multiplicity of 
infection used . 
Integration of virus specific DNA into the DNA of cells infected by 
RNA tumour viruses has thus hen demonstr:itcc.l hy both genetic and 
molecular techniques , but relatively little is known about its role in 
the virus life cycle . The relationship between lntcgr~1Lion of viral DNA 
;:ind virus production has been explored by GunLc.1kc.1 el al. (197S) . 
Integration of virus specific DNA into host DNA was found to be 
inhibited in ethidium bromide (EtBr) pretreated cells while normal levels 
of viral DNA were synthesised . It was proposed that EtBr acted by 
interchelating with double stranded viral DNA thus preventing, or 
reverting, the formation oI supercoiled DNA necessary for integration. 
The suppression of integration led to a coordinate inhibition of virus 
production; moreover the effect of EtBr on virus production was 
appreciable only if the inhibitor was added prior to integration. Since 
viral RNA and progeny virus were not made when integration of viral DNA 
was blocked by EtBr it was concluded that integration is a compulsory 
step for the full expression of the viral ge nome. Integrated proviral 
DA is also the presumptive template for the synthesis of viral RNA 
(Temin, 1971). No other template, i.e., complementary RNA, has been 
found in infected cells (Coffin and Temin, 1972; Bishop et al. , 1973) 
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ancl inhibition of DNA dependent RNi\. syn thesis affects both the producti0n 
and the synthesis of viral RNA (Temin, 1971). Synthesis and integration 
of viral DNA has also been shown to be a requir ement for virus-induced 
cell transformation. Ethidium bromide while blocking integration of RSV 
provirus, prevents cell transformation as well as viral replication 
(Varmus et al., 1973). 
New viral genetic information is added by integration to the DNA of 
virus transformed cells. These viral sequences will be totally or 
partial]y new to the host depending on tlle pre-existence o[ endogenous 
viral sequences homologous to those of the infecting virus. Among these 
integrated sequences are the ones responsible for transformation. However, 
viral genes can be integrated into the host DNA without causing trans-
formation of the host cell . This point is illustrated best by the case 
of avian sarcon~ virus infected hamster cells, which reverted from the 
transformed to the normal phenotype (Macpherson, 1971). The revertant 
cells retained the viral ASV genome, as shown by rescue of the virus 
(Boettiger , 1974), which is transcribed, though at lower levels than in 
the transformed counterparts. However the revertant cells showed no 
ph notypic evidence of viral gene expression . Similarly normal cells 
from mice inherit mouse mammary tumour virus, presumably as an integrated 
provirus (Nandi and McGrath, 1973; Varmus et al. , 1972; 1973). It appears 
then that in the cell some regulatory mechanisms exist which can repress 
or switch on the expression of viral genes. Even though it is generally 
assumed that the integrated virus specific DNA is under the same control 
of regulation and expression operating on cellular genes, very little 
evidence for this type of control exists . 
DNA TUMOUR VIRUSES 
Hcrpesviruses, Papovaviruses and Adenoviruses represent the three 
most important groups of DNA tumour viruses . Each of the above groups 
of DNA viruses provides favourable experimental material for the 
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invcstigalion of a wlcle range of biological phenomena . They have been 
shown to cause tumours in animals, to transform cells in culture , and 
there is a strong possibility that at least some herpesviruses may be 
related to human cancer . Whatever role t he DNA tumour viruses might 
actively play in the cause of human cancer , however , they offer a 
suitable model system for studying in vitro cell transformation ; 
extrapolation of the results from this system might help in understanding 
in vivo oncogenicity . Papovaviruses and Adenoviruses have been especi-
a lly useful in the study of DNA structure and replication, offeri.ng the 
advantage of a small genome size and of the availability of large 
quantities of viral DNA . The small size of their viral genome makes it 
also likely that a number of cellular functions are involved in the 
replication of viral DNA. In this regard studies on viral DNA functions 
and replication could lead to a better understanding of the eukaryotic 
DNA replication process . With both Papovaviruses and Adenoviruses the 
outlines of a DNA replication scheme are now available; temperature 
sensitive mutants, localised on the physical map of the viral chromosome, 
have made possible the identification of the viral gene products necessary 
for viral DNA replication. It is interesting that some of these same 
functions are also necessary for viral transformation of cultured cells. 
Thus, the investigation of DNA replication, in all its aspects, is useful, 
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not only because it is an integral part of lytic infection, but also 
b cause it is relevant to our understanding of viral transformation and 
of vlral and ce1lu]ar gene expr ssion . The occurrence of inLcgration 
of viral Dl A lnlo host DNA and 1 ts re] atlon to these events will now be 
discussed for each group of DNA tumour viruses . 
Herpes viruses 
llerpesviruses have a unique importance among DNA tumour viruses as 
the most likely viruses to act as etiological agents of natural cancer 
in animals and in men . Among DNA tumour viruses only they are able 
to cause tumours in their natural hosts. For obvious reasons research 
on herpesviruses has been concerned mostly with the various aspects of 
proven or suspected herpesviral oncogenesis . Investigations on 
herpesviruses have been focused on five main areas : Marek's disease 
herpesvirus (MDV ) in chickens, Lucke adenocarcinoma in frogs, Epstein-
Barr virus (EBV) of man, herpesviruses Saimiri (HVS) and ateles (HVA) of 
monkeys and viral transformation induced by inactivated human herpes 
slmpl 'X virus (llSV) in various target cells . 
Whll j t lws been unlqulvocally demonstrated that Marek' s disease 
in chickens and Lucke ' s a<lenocarcinoma in frogs are caused by herpesviruses, 
the evidence for a causative association of the other herpes viruses 
mentioned above with animal or human malignancies is still circumstantial 
and incomplete . The oncogenic potential of these herpesviruses has been 
supporLc•<l by iu vil1•0 vlral tr.:ms [ormaL Lon exper 1.menLs. 
llerpcsviruses can either kill the cells in which they replicate 
lytlcally or establish a virus-cell interaction leading to transformation 
of the Largel cell . A Lhlrd posslblllty in vivo ls latent infection, the 
molecular basis of which is not known . It appears that lymphatic cells 
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are the main target for cell transformation by herpesviruses, although 
non-lymphatic tissue is also transformed by sorre agents of this group. 
However , these in vitro transformation experiments while they reinforce 
the hypothesis that herpesviruses may act as oncogenic agents, by no 
mans prov it . 
Unfortunately the molecular mechanism of transformation by herpes-
viruses is not understood and the molecular biology of the interaction 
b 'Lwccn the host eel] ~1n<l t 11 e on coge nic herpes vi ruses is st i 11 nt a very 
early stage . Investigation of the molecular structure of herpesviruses 
has been restricted mainly to the human HSV and, increasingly, to the 
simian HSV and HVA . Biochemical and molecular studies with EBV .have 
unfortunately been hindered by the lack of a tissue culture system that 
prcxluces large amounts of virus. Investigation of the presence of viral 
DNA sequences in EBV infected cells , either from tumour biopsies or from 
in vitro transformed lines, led to the detection of S-BV DNA sequences 
integrated into the cell DNA. So far , integrated viral DNA sequences 
have rarely been detected in cells infected or transformed by herpes-
viruses other than EBV . However, each of the herpes viruses mentioned 
above will now be individually discussed with respect to the molecular 
structure of the genome , occurrence of the virus in natural tumours and 
transforming capacity in vitro. 
1. Herpesvirus simplex (HSV-1 and HSV-2) 
Herpesvirus simplex type 1 and type 2 (HSV-1 and HSV-2) have been 
intensively studied with regard to their molecular organisation and 
regulation. They thus represent a useful model for the investigation 
of the molecular structure of other herpesviruses. Virion HSV DNA is 
linear and double stranded (Kieff et al ., 1971), with an approximate 
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molecular weight of 100 x 10 6 (Kieff et al., 1971; Frenkel and Roizman, 
J 972 ; Wilkie , 1973) . When HSV DNA is alkali denatured or released from 
virions und r o]kaline conditions , singl st r ,m<ls with .::i mol .cu] ar 
weight consistent with intact single strands of DNA are detected togethe:r 
with fragments smaller than unit length (Kieff et al., 1971; Wilkie, 
1973). Fr nkel and Roizman (1972) reported that the intact single strands 
derived from only one strand of the parental molecule and that the smaller 
DNA fragm nts fell into discrete size classes. However, this was contra-
dicted by other results (Wilkie et al ., 1974), suggesting the presence of 
equimolar amounts of both parental strands and an apparently random 
collection of DNA fragments as a result of alkali denaturation of virion 
DNA. The fragments observed after alkali denaturation indicate the 
presence of single-strand interruptions in the native herpesvirus DNA 
dup]ex. The nature ancl the function of these interruptions are not 
understood. Their presence, however, does not impair the infectivity of 
the naked DNA (Graham et al ., 1973; Sheldrick et al. , 1973; Wilkie et al., 
1974). 
llSV DNA contains internal inverted duplications of its terminal 
sequences (Figure 2 ; Hayward et al ., 1975). The HSV DNA molecule con-
sists of two fragments, Land S, both containing unique sequences , flanked 
by a large inverter terminal redundancy (Fi gu re 2). The end sequences, 
represented in Figure 2 by the letter a , are a direct terminal DNA repeat 
(Grafstrom et al ., 1974). The direct DNA sequence repeat at the ends of 
the llSV DNA molecule suggests also a mechanism for circularisation of the 
molecule. Following a limited exonuclease digestion of the duplex DNA 
terminal repetitions, complementary sing.le stranded DNA ends could be 
exposed, which on annealing yield cyclic DNA molecules. Four populations 
of HSV DNA molecules are found in the virions in approximately equal 
amounts . These molecules differ in the relative orientations of the Land 
FIGURE 2: Diagram of the structures of h erpesvirus DNA (adapted 
from Suhak-Sharpe and Timbury, ]977) 
~ : Herpesvirus simp]cx (II SV-1 and HSV-2) DNA . The four 
mo1 ecuJ.es represent the sequentially different molecules tha t are 
expected to be generate d by intramolecular reciprocal crossing 
over between the internal repeat and the terminal r e p ea t sequences . 
TRs ancJ lRs represent invert repeated seque nces flanking the 
S segment and each accounts for 4.5 percent of the DNA molecule. 
TR1 and IR1 similarly represent inverted repeated sequences flanking 
the L segment, and each accounts for 6 percent o f the DNA molecule. 
The Sand the L segments contain 9 percent and 70 percent respectively 
of the viral DNA. TR1 and TR 8 sequences differ, but share a common 
sequence at their respective ends (irrlicated by a). 
Bottom: Simian Herpesvirus (HVA + HVS) DNA (from Fleckenstein et al ., 
1978). Scheme of the prodominant types of DNA molecules _isolated from 
HVA and HVS particles. H-DNA, represented by a br oken line, consis ts 
of r epeated DNA sequences of high G+C con t e nt. L-DNA, r epresented by a 
conLinuous line, consists of unique seq uen ces of l ower C+c cont e nt. 
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S regions (Figure 2; Sheldrick and Berthelot, 1974; Ha yward e t al., 1975). 
Such molecules have been sug gest ed to arise either from an intramolecular 
reciprocal recombination event between the homologous sequences, or by 
rcassortment o[ physically separated L and S segments. 
As mentioned earlier, HSV replicates lytically in human cells. Cells 
which are permissive to the virus are killed as the virus replicates 
(Roizman , 1972) . The sequence of events leading to the multiplication of 
HSV have been analysed (Roizrnan et al . , 1974) and the structural and 
functional alterations of the host cell have been described. Cessation 
of host DNA synthesis (Roizman and Roane , 1964) , of host protein 
synthesis (Ben-Porat and Kaplan , 1971) and drastic modification of the 
host RNA metabolism (Roizman et al ., 1970 ) are induced early after RSV 
infection . Virus specific changes are also induced in the host cell 
membranes (Roizman and Spear , 1971) . 
Compara t ively little is known abo ut the molecular biology of 
abortive i n fections of non-per missive cells by RSV . Infection of rodent 
cells leads to the formation of foci of morphologically transformed cells 
from which transformed lines can be derived . Transformation of rodent 
cells is achieved by infection with partially inactivated HSV . Ultra-
violet (U . V. ) irradiated wild type HSV-1 and RSV-2 can induce cell 
transformation as can ts-mutan t s of both viruses at the non-permissive 
temperature (Duff and Rapp , 1971; 1973 ; Macnub, 1974; Rapp and Li , 1974; 
Subak - Sharpe et al ., 1974; Munk and Derai , 1975) . Inoculation of these 
~n vitro transforrred cells into susceptible animals leads , in some cases, 
to metastasising tumours (Duff and Rapp, 1973; Macnub, 1974; Rapp and Li, 
1974; Hunk and Derai, 1975) . Transformation of rodent cells has also 
been achieved using sheared HSV DNA from both wild type and ts-mutant HSV 
(Wilkie et al . , 1974) . RSV-specific surface and cytoplasmic antigens have 
been detected in the transformed cell lines, and neutralising antibodies 
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against the resp ec tive transforming agent are found in tumour bearing 
animals. However, it has been impossible to date to consistently show 
the presence of HSV DNA sequences in in vitro transformed cells and in 
tumours induced in animals by inoculation of HSV transformed cells. 
Failure to detect HSV-DNA sequences in the above cells using very 
sensitive probes (capable of detecting 0.1 HSV genome equivalent per 
cell; Summers et al., 1975) leads to the conclusion that only small 
frngm nts of herpes simplex viral DNJ\. may persj s t within the llSV trans-
formed cells. At least sufficient viral genetic information remains 
associated with the host genome to maintain the production of HSV 
specific antigens. Since transformation can be accomplished. with 
fragmented HSV DNA and conditional lethal mutants, it seems likely that 
the whole genome of herpes simplex virus is not needed to achieve 
successful transformation. Results compatible with this hypothesis 
have been reported by Kraiselburd and Weissbach (1975). Mouse L cells, 
which are thymidine kinase negative (LTK-) acquire a thymidine kinase 
(TK) activity after infection with irradiated HSV (Munyon et al., 1971; 
1972). This TK activity appears to be virus specific, and the L cells 
which have acquired it are defined as 'biochemically transformed' by 
llSV. llSV DNA sequences have been detected in one of these 'biochemically 
transformed' lines (Kraiselburd and Weissbach, 1975) and multiple copies 
of a fragment, representing up to 15 percent of HSV DNA are present in 
the cells. 
These in vitro transformation experiments with HSV assume a particu-
lar importance in the light of the controversy over the role played by 
herpesviruses in human cancer . HSV-2 has been suggested as a causative 
agent of human cervical carcinoma (Rawls et al., 1968; Nahmias et al., 
1970; Rawls et al ., 1973; Rotkin, 1973). The evidence for this associ-
ation is based on sero-epidemiological data, which are not conclusive at 
present. 
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Biopsi s from cervical carcinoma tumours have often been tested for 
the pres nee of HSV-2 particles and HSV-D A. Occasionally, HSV-2 virions 
have been detected (i\.urelian ct: al., 1971) but this represents by itself 
only circumsUrnLlal cvL<lcncc for a rclatlonsliip between IISV-2 and 
erw J 
cervl a] carcinoma . Only in one case (frenkel,:-1972) has the presence 
of a fragment o[ llSV-2 DNA been demonstrated in a cervical carcinoma, as 
well as its partial transcription into viral m-RNA. 
Thu~,, Ll1' roJe o[ llSV-2 ln cervical cancer ls still c.1uesLlonable. 
The occurrence of cervical tumours in serologically negative patients and 
the failure to detect viral DNA sequences in the majority of the tumours 
tested, neither exclude, nor support the suggested causative role of 
HSV-2 in human tumours . On the other hand, viral DNA sequences have not 
been consistently detected in ~n vitro RSV transformed cells either, and 
. it might be equally difficult to detect viral DNL\. segments in ~n mvo 
tumours . The ~n vitro transforming capacity of HSV boosts the possible 
role of HSV-2 in h uman cancer but does not prove it . The relationship 
between HSV-2 and cervical carcinoma could perhaps find substantial 
support if an animal system were found in which tumours are induced by 
virus inoculation . 
2 . Epstein-Barr virus 
Another human herpesvirus which is highly debated as a possible 
etiological agent of human cancer, is Epstein-Barr virus (EBV). Since 
the discov ry of EBV in lymphoblastoid tissue culture cells from Burkitt's 
lymphoma by Epstein and his colleagues (Epstein et al., 1964), there has 
been mounting evidence that this virus is very closely linked and possibly 
tiologically related t o two human tumours : Burkitt's lymphoma (BL) and 
nasapharyng al carcinoma (NPC) . However , BL and NPC show a peculiar 
pattern of g ographical clustering . BL is endemic in some regions of 
J\[rica, while NPC represents th most frequent malignancy among 
Cc1ntoncs ChLncsc . EBV inf cts a majority of the human populations in 
;1_ 1 1 C () l1 n L r i C s . l rn V p r i lll.'.1 r y i I l r C t i () ll l 11 <Id l I I L s ll s \ 1,1 1 l y C ;1_ ll s C s t 1i C 
I, nign cornliLion infcc U ous 111011onuclcosls (llcnl ct al ., 1968; Chang 
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an<l Golden, 1971; Gerber et al ., ]972) . Inf ec tious (i.e., transforming) 
EBV is pres ' nt in the sa liva of in[ectious mononucleosis patients, which 
also sugg sts horizontal transmission of the virus by contact. EBV 
Lids i s Ll1e pr -scncc of EBV in tl1c cp .Ll11c I Lrn c.c I ls of n ;1s ophnryngeal 
c.:-1rcl110111as . ln[ecLion o[ lymphocytes with EIJV ls not lytic, but abortive 
in most o[ the infected cells. It is unfortunate that no tissue culture 
syslem ln wlticlt EBV grows lytlcally lti.tS yc.L been found. Tltls has m.:.i<lc 
it imµossibl to obtain sufficiently large preparations o[ virus for 
exlensiv, molecular lnvesLlg.:.iLlons . Very sllla l I ._1muunLs ur 1rnv vlrus 
are obtained from virus-producing cell lines, e.g., P311R-l and 1395-8. 
These cell lines have been derived from explantation of a biopsy of a 
UurkiLL's lymµltoma, an<l from in vitro lymphocyte transformaLion wlLh EBV, 
respectively . ln producer cell lines, only a small fraction of tlie cells 
(a maximum of 5-10 percent in the PJHR-1 line) produce EBV (llinuma et al., 
1967). The DNA of EBV recovered from the two 'virus-producing' cell lines, 
PJHR-1 and B95-8 , has been analysed (Pritchett et al., 1975). It was 
found to consist of a line~ duplex DNA molecule with a molecular weight 
6 
of about 100 x 10 . However, the EBV DNA from the B95-8 cell line 
appeared to lack about 15 percent of the sequences of the EI3V DNA from 
the HR-1 line, but all the sequences of the former DNA were present~ in 
the latter DNA . It was suggested that the EBV DNA from the B95-8 line 
was a deletion derivative of a parental EBV DNA similar in genetic complex-
ity to the EI3V DNA from the PJHR-1 line. Possibly, some of the sequences 
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in B95-8 EBV DNA migltt have been reiterated to replace the missing region 
of the putative parental EBV D A molecule . 
As stated above , B lymphocytes are the target cells of EBV infection. 
Normal lympliocyL s h,1vc n lLmjtcd ]Jf, srnn in culture. J\ftcr infection 
with EBV, how v r, they are converted into permanently growing cell lines, 
wlilch arc often referr d to as being 'irnmortn]ised ' or trc1.ns[ormed by 
EBV (Pope et al ., 1969; Gerber et al ., 1969 ; Miller et al ., 1971; Falk 
cl; al ., 19711). S L111Ll ,1r <.:L'll 1 Lncs c~111 h, l'sl;_1hl i!-]licd fn,m Lile pcrJ.phcrnl 
b 1 ocxl or the lymph nod s of El3V-scr op os i ti vc don ors , el t her heal thy or 
with benign conditions like infectious mononucleosis (Diehl et al., 1968; 
Nilsson et al., 1971). The cell lines established from non-malignant 
tissues are referred to as 'lymphoblastoid ' lines as opposed to the 
'lymphoma ' lines derived from Burkitt' s lymphoma biopsies. These cell 
1 in cs c, 1 r r y mu I L l p 1 c c op l c s o [ th c E.13 V g L' n u 11 K' , ,ir c EB NJ\ ( E p s t e i n:.... n a r r 
v lrus nuclear anLigen) positive and produce virus within a small 
pcrcentag, of the cells (Miller and LipnBn, 1973). EBNA is apparently 
Lhe only virus specific antigen expressed in .:ipproxirniJLcly 100 percent of 
Lhe cells which harbor EJJV genetic information (Reeuman and Klein, 1973). 
The physical state o[ the intracellular El.W DNA has been investi-
gated in at least four lymphoblastoid cell lines derived from leukocytes 
. 
of individuals without lymphoproliferative disease (Kaschka-Dierich et al., 
1977). All lines contained multiple copies of viral DNA (from 19 to 100 
genome equivalents per cell). Centrifugation in neutral CsCl and CsCl-
ethidium bromide density gradients as well as in glycerol gradients was 
used to separate EBV DNA from cellular DNA. Free circular viral DNA 
molecules were detected as well as viral DNA with the properties of 
integrated DNA. As control , two other cell lines derived from tumour 
biopsies and previously characterised in relation to their intracellular 
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E.l.W DNA contenl, were processed in the same way with reproducible 
results . They also contained both free circular and integrated EBV DNA 
(Lindhal et al., 1976) . The free circular EBV DNA appeared to be of the 
same size as that found in EBV virions in all cell lines including the 
controls, or, at least, the techniques used did not allow any differenti-
ation . Different results were obtained by Adams et al. (1977). Circular 
EBV DNA 12 percent shorter than linear virion DNA was detected as well as 
intcgr:it cl DNJ\ SC'()t1Cnccs, in thC' 881L lymphohlnstoid cC'll line derived 
from inf ctious mononucleosis cells. In addition, three c 11 lines 
derived from blood cord lymphocytes immortalised by EBV (prcxluced by the 
same 883L line) did not contain detectable integrated sequences , but only 
circular , free EBV molecules of reduced size . 
A particular case of cell transformation induced by EBV is that 
described by An<lersson-i\nvret and Lindahl (1978). Cell lines, apparently 
negative for the presence of EBV DNA and EBNA, can be established from 
undifferen t iated malignant B type human lymphomas . Two of these cell 
lines , the BJAB and the Ramos , can be stably ' converted ' in vitro by EBV 
to EBV DNA and EBNA positive sublines (Clements et al . , 1975 ; Fresen and 
zur Hausen , 1976) . The AW-Ramos subline has been shown to contain about 
one EBV DNA equivalent per cell (Andersson and Lindahl, 1976) . 
Investigation on the intracellular state of this viral DNA has pr oduced 
results consistent with the presence of viral DNA sequences exclusively · 
integrated in the cellular DNA (Andersson-Anvret and Lindahl, 1978) . The 
viral sequences were exclusively and consistently associated with 
cellular DNA which had been purified by three different methods: neutral 
CsCl gradient centrifugation , actinomycin D-CsCl gradient centrifugation 
and Hirt fractionation (Hirt, 1967) . The AW-Ramos , and other analogous 
cell lines are regarded as ' converted ' by EBV, and not as transformed, 
strictly speaking, since they derive from parent EBV-negative lymphoma 
cells already transformed by some unknown event. 
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The tumourigenic potential of the lymphoblastoid cell lines has been 
judged by their capacity to form colonies in agar (Nilsson and Ponten, 
1975) and to induce tumours when transplanted in immunosuppressed or new-
born hams crs , rats or mice (Adams et al ., 1967; Southam et al., 1969; 
Adams et al., ]970; 1973). Lymphoblastoid cell lines with a diploid 
karyotype, which is very common among these lines, neither induce tumours 
in animals, nor form colonies in agar , but aneuploid lymphoblastoid lines 
do (Nl lssun al al ., J977). The [lmllng Ll1~1L ~111cup l uld Jy111plioblasLold 
cell lines can become tumourigenic, as judged by their growth in agar and 
the induction of tumours in animals , shows that they may acquire some 
malignant potential in vitro, which is expressed, e.g., by a karyotype 
change and morphological alterations (Nilsson et al., 1974; Nilsson and 
Ponten, 1975). Thus it might be hypothesised that full development of 
. . . 
tumours i-n mvo might require specific gen tic chzmges. Tl1e data on i-n 
vitro transformation of lymphocytes by EBV are strongly supported by the 
induction of lymphoproliferative disease following injection of EBV into 
primates (Shope et al ., 1973; Epstein et al ., 1973; Werner et al ., 1975). 
The induced lymphoma-like tumours contained EBV antigens as well as 
EBV specific DNA. 
As mentioned ear lier, E13V has been associated with the huma.n 
African Burkitt ' s lymphoma (BL) and Nasopharyngeal carcinoma (NPC). EBV-
related antigens as well as EBV DNA have been consistently detected in BL 
and NPC tumour cells (zur Hausen et al., 1970; Reedman and Klein, 1973; 
Nonoyama ct al., ]973; Lind ah] et al ., 1974; Kaschka-Dierich et al ., 
1976) . Virus particles have never been detected in tumour biopsies from 
either tumour . Virus production starts only after explantation of BL 
cells in tissu culture. Neither virus particles, nor virus antigens 
associated with virus production, have ever been detected in cultured 
epithelial ce]ls from PC . It has not yet been possible to maintain 
J4 
epithelian cells in long-term tissue culture. In the case of BL derived 
cell lines, culturing appears to release a block preventing the in mvo 
expression of latent viral DNA. Virus production, however, occurs only 
in a small percentage of the cultured cells, as exemplified by the P3HR-l 
line, mentioned earlier (Hinurna et al . , 1967). 
Multiple copjcs of ERV D A have been detected both in tumour biopsies 
and in ce]l lines derived from them, and in both cases the intracellular 
forms or the DNA h.:1vc been chcirctcteriscd (Aclc1ms ct al., 1973; Adams nnd 
Lindahl, 1975 ; Kaschka-Dierich et al. , 1976). Tumour biopsies from BL 
and NPC contain covalently closed and open circular EBV DNA molecules 
together with some possibly integrated viral DNA sequences (Kaschka-
Dierich et al . , ]976) . The circu]ar EBV DNA molecules have the same size 
as that of intact DNA from EBV virions . Integrated viral DNA sequences 
were bounJ Lo high molcculo.r weight ccJluL1r DNA wh -ich l1<1cl been repeatedly 
fractionated by neutral CsCl or glycerol gradients . It was perhaps not 
correct to define such association of viral and cell DNA as integration, 
since it was not proved to be alkali stable . These results were however 
consistent with others previously reported (Adams et al., 1973; Adams 
and Lindahl , 1975) . One cell line, Raji , established from a Burkitt's 
lymphoma , does not produce virus and had earlier been investigated in 
relation to the intracellular forms of EBV DNA . As in the in vivo tumour 
cells the cultured cells contained integrated and free viral DNA sequences. 
It was demonstrated that sedimentation in alkaline CsCl gradients of high 
molecular weight cell DNA previously purified in neutral CsCl gradients, 
did not affect the association of viral and cellular DNA sequences. The 
free EBV DNA molecules had sedimentation properties corresponding to 
those of nicked , circular, full size EBV DNA . 
The EBV carrying cell lines derived from Burkitt's lymphomas (or 
lymphoid lines) differ from the EBV-carrying lymphoblastoid cell lines 
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previously discussed with regard to morphologicaJ, functional, and growth 
characteristics (Nilsson and Ponten, 1975) . The most important difference 
between them is represented by their tumourigenic potential , again judged 
by their capacity to form colonies in agar in vitro (Nilsson and Ponten, 
1975) and to induce tumours when transplanted in suitable animals (Adams 
ct al . , 19o7 ; 1970 ; 1973; South .. 1111 ct al ., 1909) . /\s prcvlously discussed, 
most of the EBV-carrying lymphoblastoid cell lines had a normal diploid 
karyotype and these did not appear to be tumourigenic . In contrast all 
lymphoma lines so far examined have aneuploid karyotype, carry various 
c..:hromosomal abnormalities and are invariably tumourigenic in the way 
defined above (Manolov and Manolova , 1972 ; Jarvis et al ., 1974; Nilsson 
anJ PonL 'n , J975) . Thus, definite chromosonnl diIIcrenccs exist between 
normal and lymphoma-derived lines. EBV is capable of 'immortalising' B 
lymphocytes with normal karyotype in vitro , but EBV carrying lymphomas 
. i-n vivo involve also genetic changes . 
It would be beyond the scope of this review to debate in detail the 
evidence for the involvement of EBV in BL and NPC. Very generally, it 
could be summarised that besides the presence of high antibody titers 
against EBV in BL and NPC patients, and the consistent association of 
virus specific EBV DNA and proteins with tumour cells, transformation 
in vitro and tumour induction in vivo are the strongest arguments for a 
specific association of EBV with human tumours . Other aspects of this 
association, like the geographical clustering of BL and NPC tumours, are 
still unexplained. It has been suggested that the intervention of an 
environmental or a genetic factor might explain the restricted geograph-
ical distribution of NPC and BL. 
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The molecular data about EBV DNA and its intracellular forms in EBV 
infected ·cl]s deserve further comment. As described earlier, free and/ 
or intcgrat d EBV DNA are found in EBV transformed ce]Js. The free EBV 
DNA molccul s found in BL, PC [lnd lymphocyte cell lines ~1re circular and 
full slzc , that is, of the same size as that of virion DNJ\ . The only 
cxcepLion L!-- Llic circular l:.BV DNA of reduced slzc found in one human 
lymphoblastic line of infectious mononucleosis origin (Adams et al. , 1977). 
UnforLunc:1Lcly, no [urLliL'r cliar<.1cLcrlsc:1Llo11 of Lhls JnLr<.1cc]]u l ar EBV 
DNA has be 11 done ; lt ls not known what sequence homology exists between 
the different forms of DNA and whether they are infectious and/or trans-
forming . 
lntegrate<l EBV DNA has been detected either as the only form of EBV 
DNA present (Andersson-Anvret and Lindahl , 1978) or together with 
circular ELW UNA (A<lams et al . , 1973 ; Adams and Llndah1, 1975; Lindahl 
et al ., 1976 ; Kaschka-Dierich et al ., 1976) . It is not known what 
relation in size , DNA sequence homology , and parental origin exists 
between integrated and free circular EBV DNA. It is also not known 
whether th two forms of EBV DNA are present concomitantly in the same 
cell . The occurrence of free, circular , and integrated DNA molecules 
both in tumour biopsies and in established cell lines shows that none 
of these forms of EBV DNA is a secondary consequence of in vitro cultur-
ing . The presence of circular DNA molecules might suggest that EBV is 
carried as an episome during latency , as occurs with extrachromosorna.l 
DN/\ in bact ria . It is known that the temperate bacteriophage Pl repli-
cates its DNA synchronously with the bacterial DNA during lysogeny as a 
non-integrated circular molecule. Pl DNA can also be present as a 
defective derivative in an integrated form (Ikeda and Tomizawa, 1968; 
Scott, 1970). Furthermore, lambda phages mutated in the N gene do not 
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kill their hosl bacteria, buL pe r s i s t in them as plasmids (Lieb, 1970). 
However legitimate this comparison with bacterial systems might be, it 
shows that the presence of integrated and/or free circu]ar forms of the 
same DNA mo Lec111es have been observed with other viruses. The meaning of 
the integration event during EBV infection is unknown . The integration 
of EBV DNA into the DNA of human lymphocytes per se does not seem to be 
sufficient to induce malignancy . It has already been discussed that 
lympliobL.1sLold e Ll lines of the clip.Lolcl k ,.1ryotype clicl not induce tumours 
in suitable animals (Nilsson et al . , 1977 ; Kaschka-Dierich et al ., 1978) 
though they contained integrated EBV DNA sequences . The hypothesis that 
the presence of either non-integrated EBV DNA molecules or integrated 
EBV DNA sequences would be a distinct feature of tumour cells is thus 
invalid . 
To conclude , knowledge of the molecular biology of EBV is still 
very fragmented and unclear. It has not yet been possible to find a 
parameter in the EBV system which is consistently correlated with 
tumourigenicity nor have the molecular events leading to cell trans-
formation or virus replication been characterised. It is thus impossible 
to assess the significance of the integration event in the EBV 
infectious cycle or in EBV-induced malignancy. 
3 . Simian llerpesviruses 
Two indigenous primate herpesviruses, herpesvirus saimiri (RVS) 
and hcrpesvirus atcles (HVA) have also been increasingly investigated 
slncc Lhe discovery of their oncogcn_Lc poLenLlal (Melendez e-/; al . , 1969; 
Hunt et al . , 1970; Melendez et al., 1972) . Both HVS and HVA grow 
lytically in primate kidney cells, and can thus be produced in large 
quantities. The availability of this permissive system might be of 
special value for studying the herpesvirus-cell relationship at the 
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mol cular 1 vel . The structures of the genomes of HVS and llVA have been 
chorocterisccl . The DNL\ molecules of these two viruses share two 
features : a high heterogeneity in base composition and highly repetitive 
sequences (Fleckenstein et al ., 1975; Fleckenstein et al ., 1978) . At 
least wo Lyp s of DNL\. molecules, denominated M and H, are encapsidated 
in llVS and JIVJ\ virions . M-type genomes contain ' light ' unique DNA 
sequences and highly repeated ' heavy ' DA sequences, while H-type genomes 
('011i-dsl ('X(' lll ~~iV(' l y or highly r('p(';ll('d 1 1H'ilVY 1 DNA SC'(!IIC'l)C('S (figure 2). 
Nothing is known about the biological function of the described features 
o [ th esc DNJ\s . It has been found , however , that H-ty pe genomes are not 
infectious (Fleckenstein et al ., 1975) . 
The oncogenic potential of HVA and HVS has been demonstrated both 
&n vitro and in vivo . HVA transforms marmoset spleen or blood lymphocytes 
u1 vil1'0 j11Lo c(>11Ll1llluus l y111pliohlaslic ee l I lines (l•'a]k ct al ., 19711; 
1978) . Transformation is achieved with a fully functional HVA genome, 
as with EBV . HVA genome expression in transformed cultures is 
demonstrated by re ovc.ry of small amoun Ls of HVJ\ from culture [lul<ls, 
ability of lymphoblasts to induce infectious centres after co-cultivation 
wiLh permissive cells , presence of virus specific antigens in the cells. 
Host of th llVi\. transformed cells possess T-lymphocyte properties , 
whereas EBV shows B-lymphocyte tropism. While HVA and HVS cause no 
apparent disease in their natural hosts, they induce lethal malignant 
lymphomas when inoculated into various species of primates other than 
their natural hosts (Hunt et al ., 1970 ; Melendez et al ., 1969; 1972). 
No viral particles are detected in tumour biopsies. However viral 
antigens and viral particles are induced in lymphoid cell lines 
established from tumour cells as in the BL derived cell lines . Only a 
small percentage of the cultured cells produce viral particles . The many 
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para]Jels betwc n the mode of infection by simian herpesviruses and EBV 
have stimulated a good deal of interest in the infection by HVS and HVA. 
s·nc~ there is no lytic system for EBV , the oncogcnic primate hcrpcs-
vLruscs m'gli o[fcr a promising model system for a better insight in the 
human cell EBV relationship . 
4. Marek ' s disease and the Lucke adenocarcinorna 
A review of the oncogenic herpesviruses would not be complete without 
a mention of the herpesviruses of Marek ' s disease in chickens and of 
Lucke adenocarcinoma in frogs . A herpesvirus in the causative agent of 
Marek's disease (Witter et al ., 1969), a highly infectious lympho-
proliferative disease in chickens . The etiology of this disease was 
definitively proved when vaccination of chickens with attenuated Marek's 
disease virus (MDV) prevented neoplasia (Churchill et al., 1969). No 
virus particles are found in the affected lymphatic cells, but viral DNA 
is present in them in multiple copies (Nazerian et al. , 1973). Large 
amounts of ln( - ctious virus arc produced wlthln the cells of the chicken's 
feather follicles (Calnek et al ., 1970), and seem to be responsible for 
the horizontal spreading of the disease. Continuous Jymphoid cell lines 
wlLl1 clii.lracl 'r is Li cs of T-typc lymµhocytcs , Ii i.Ive been established from 
Marek' s di seasc lymphomas (Akiyama et al. , 19 7 3; Akiyama and Kato , 19 7 4; 
Powell et al ., 1974). The presence of MDV antigen, MDV capslds and MDV 
infectious virus have been shown in those cell lines during long term 
cultivation . While a very small proportion of the cells from these 
.lymphoid lines proJuccs i"WV, <.1 L.1rgc proµorLlon of tlic1u harbours MDV DNA 
(Kato and Akiyama, 1975). One cell line harbours 60-90 MDV genome 
equlval nts per diploid cell (Nazerian and Lee, 1974). Inoculation of 
c ,1 Ls derived from ~U)V lymphomas into chic.kens induces the neoplastic 
Marek ' s disease (Kato and Akiyama , 1975), i.e ., the MDV associated with 
these cells is as oncogenic as the original MDV strains . 
40 
i\.noth•r h rpesvirus has been shown to be the causative agent of the 
Lucke tumour (Lucke, 1934), a frog kidney adenocarcinoma . Tumours have 
be n induc d uron lnoculati.on into tad roles of rurif Led hcrpcsvirus from 
froi, t11mours (Mizel 1 et al ., 1969). Production of vira] particles in 
Luck~ tumours depends on climatic conditions . They are synthesised only 
at tempera tur cs below 12 °C and they are practically absent in tumours 
developed in summer . Lucke virus can , however, be induced to replicate 
in 'summer ' tumours when incubated for prolonged times at low temperature 
(Rafferty, 1965). The fact that the virus expression occurred in explants 
from ' summer ' tumours (Breidenbach et al., 1971) independently of the 
intact host, suggested that a complete viral genome was present and 
latent ln the tumour cell . 
l\1 pov~1 v l rusl's 
The papovaviruses are divided into two groups : the papilloma 
viruses and the polyoma-SV40 group (Melnick, 1962). All the papovaviruses 
l1ave similar chemical composition and structure, containing only protein 
and DNA. Th DNA genome is enclosed in a protein capsid with icosahedral 
symmetry (Klug t1rn.l Finch, 1965; Finch and Klug, 1965; Klug, 1965). The 
papilloma viruses are virtually unstudied with respect to their molecular 
biology, the main reason for this being the lack of an adequnte tissue 
culture system . However, the polyoma-SV40 group has been thoroughly 
investigated. These viruses grow to high titers in either primary or 
secondary Clll turcs o[ cells derived from their natural hosts, which are 
mouse £or polyoma and monkey £or SV40 . TI1ese cells are thus permissive 
to virus growth , support the full expression and replication of the 
vLr ;11 gl'nomc, ;:1nd ;..1rc Id l.lccl [ol]owing the release of progeny virus. 
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lly contrast, cells from some unnaturaJ host species , e . g ., rat cells, 
are non-p rmissive for polyoma and SV40 viruses, do not support virus 
growth, and .-ire not lysecl . Virus infection or these types or ce]ls is 
aborLivc . Vjrus transformed ce]Js an arise from an abortive infection 
o[ non-permissiv., celJs by SV40 or polyoma virus . Transformed cells 
are de[in d in the simplest way as cells whicli h 2.ve been altered as a 
r sult of viral infection, in their growth pattern, and in the properties 
or LllL'li- :;url;l('l' ('l'oOZL', 1~7J). 
Polyom,1 and SVL,0 c;1usc tumours in susceptible animals other than 
Lhcir natural hos t. Similarly, injection o[ in vitro virus transformed 
cells can cause tumours in appropriate animals. All the biochemical and 
g ne tic s tu<lies with polyoma and SV 40 viruses lndica te that they are 
essentially similar in their viral functions and in the replication of 
their genome . Information and discussion on the two viruses will there-
fore be combined. 
The virion DNA of the papovaviruses, including the papilloma viruses, 
ls a covalcnLly closed, circuJar duplex DNA. rnoJ 'cu.le. ]U;molecular 
weight ranges from 3.0 - 3 . 6 x 10 6 in SV40 (Crawford and Black, 1964; 
Tai cl al ., 1972; Gerry et al . , 1973 ; Fiers et al ., 1978) and polyoma 
virus (Weil and Vlnograd, 1963; Crawford , 1964; Caro, 1965) to 
4 - 5.3 x 10 6 in papilloma viruses (Crawford, 1969). The DNA extracted 
from polyoma and SV40 viruses contains two and sometimes three discrete 
species of DNA that have been separated and identified by sedimentation 
in sucrose or CsCl gradients (Watson and Littlefield, 1960; Weil and 
Vinograd, 1963; Crawford , 1963; 1964; Vinograd et al ., 1965) . These three 
forms of DNA have been named component (or form) I , component II, and 
component III . Component I is a double stranded, covalently closed, DNA 
h lix twist d to form negative superhelical turns (Vinograd et al ., 
1965; Uphol t et al ., 197]; Pulleyblank and Morgan, 1975). The presence 
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of superhelical turns in form I DNA gives the molecule a compact shape 
whic h explains its higher sedimentation coefficient, its lower viscosity 
and its increased r esistanc to hydrodynamic shearing as compared to the 
other forms of the DNA molecule . Component II of SV40 and polyoma virion 
DNA i s ~ d oubl e strand d circu]ar molecu]e containing one or more single-
strand interruption(s) in the phosphodiester ba ckbone, allowing free 
rotation of the DNA strand opposite the polynucleotide chain break 
(Vino g r ~1d .:-11 1d l,cbowitz, 1966). Form III DN/\ i s t1 lj_n cn r duplex mo]ccu]e 
o[ cellular orlgln which i s packed into an SV40 virus particle. This 
sort of virus particle, containing host rather than viral DNA, is called 
a 'p se.udovirion '. Papilloma virion DNA also contains three species of 
DNA equivalent to the components I, II, and III described for SV40 and 
polyoma viruses (Vinograd et al. , 1965; Crawford, 1969). 
Williin vlri ons or wiLldn infccLcd ee l ls , SVL,O .:11H.1 p o ·lyo111n DNA is 
associated with histone proteins in a structure similar to that of 
eukaryotic chromatin (Huang et al., 1972; Lake et al., 1973; Griffith, 
1975; Ge rmond et al ., ]97 5 ). Tlt c SV40 DNA and Lh c a ssoc LaL cd hlstoncs 
can be isolated as a nucleoprotein complex from SV40 virions treated 
with alkaline buffers at pH 10.5 (Huang et al ., 1972; Lake et al., 1973). 
When SV40 DNA is extracted free of proteins from infected cells, 
different types of molecules are detected: form I, form II, replicative 
intermediates and oligomers. Oligomeric forms of SV40 DNA up to hexamers 
can be isolated from infected c e lls. Both interlocked circular and 
lin a r oligomcrs h ave been d e tected (Jaenish and Levine, 1971; Martin 
et al ., 1976). Oligomeric forms represent only a small fraction of the 
total intracellular SV40 DNA. 
Physical maps of the genome of SV40 and polyoma viruses have been 
obtained by cleavage with a l a rge number of restricti on endonucleases 
(Danna and athans , 1972; Sack et al ., 1973; Subramanian et al ., 1974; 
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Lebowitz ct al., 1974; Griffin et al ., 1974). TI1e complete nucleotide 
sequence of SV40 DNA, which is und oubtedly th e ultima te physical map, has 
also been cl t rmi_n d very recent]y (Fi e rs et al ., 1978). EcoRT 
rC'sL1-irLio11 C' n zym ctlls SV!,0 .111cl r o ly omn virw; DNA ;1t D unique site 
(MulJer and Delius, 1972; Morrow and Berg , 1972). The DNA map is by con-
vention divided into 100 units beginning at the unique site (0 point) of 
cleavage by EcoRI and increasing in a clockwise direction. The origin of 
DNA replication has been localised on the DNA physical maps of SV40 and 
polyoma viruses around position 0.67 and 0 . 7 respectively. 
With respect to transcription and function , the circular DNA molecules 
of SV40 and polyoma are roughly divided into two half circles. The half 
circle from position around 0. 67 (SV40) or 0. 7 3 (polyoma) is transcribed 
into two continuous m-RlJA molecules related by splicing and sedimenting at 
19-20S (Weinberg ancl Newbold , 1974; Kamen and Shure, 1976; Berk and Sharp, 
1978) . Transcription of this region of the DNA is counter-clockwise on 
SV40 DNA and clockwise on polyoma DNA , and occurs ' early' in infection, 
i . e ., before the onset of viral DNA replication during lytic infection. 
111e ' early ' region of polyoma and SV 40 DNA codes for at least two proteins: 
large T antigen of molecular weight 90,000 - 100 , 000 and small t antigen 
of molecular weight 15,000 - 22,000 (Tegtmeyer , 1974; Paulin and Cuzin, 
1975; Rundell et al ., 1977; Staneloni e.t al., 1977; Fluck et al. , 1977). 
T and t are encoded by the two early m-RNAs related by differential RNA 
splicing as described above (Berk and Sharp, 1978). Deletions in the DNA 
sequences sp cifying the 3 ' portion of the early viral m-RNA appear to 
affect the expression of l a rge T whereas deletions in the DNA sequences 
specifying a portion of the 5 ' end of the early viral m-RNA appear to 
a·ffect the small t (Ito et al ., 1977 ; Prives e t al., 1977; Crawford et 
al ., 1978; Kamen , personal communication) . 
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The oLher half of the viral D 'A molecule is transcribed from 
position 0.67 to 0.17 in a clockwise direction on SV40 DNA and anti-
c1ockwis from 0.73 to 0.26 on polyoma DNJ\, into two pc1rtially overlapping 
m-RN/ rr.o]ccules :,edimcnting at 16S and 19S (Weinberg et al ., 1974; Buetti, 
1974). TranscripLion of this region of the viral DNA occurs 'late' in 
inf ctlun, afL ' r th onset of viral DNA replication. The 'late' region 
of the vira1 DNA codes for the virus structural proteins. The 16S rn-RNA 
codes for Lhe nwjor virion copsi<l protein VP.l (P.rives et al ., 1974; Smith 
ct al ., 1975) while the 19S m-RNA codes for two minor capsl<l proteins VP2 
and VP3 (Tegtm yer , 1974; Smith et a l., 1975). 
Several temperature sensitive mutants of polyoma and SV40 viruses 
ltav e been cltaracLcrisecJ (Eckhart, 1969; Di Mayorca et al., 1969; Tegtmeyer 
and Ozer, 1971; Kimura and Dulbecco, 1972; Chou and Martin, 1974). They 
fcil I Lnlu lour Lo [lve c.omplemenLaLiou groups : A, B, C, 1',C and D 
(Tegtmeyer and Ozer, 1971; Chou and ·Martin, 1974), and corresponding DNA 
mutations have been localised on the DNA physical map (Lai and Nathans, 
19 7 5 ; S lien k c l al . , 19 7 5 ) . S o f ar , am ou g L It e Le rn [H: r at u re s e n s l l 1 v e 
muLanLs, only group A rcµresents an car ly gene (A) function which rriaps 
Lowo.r<l Lite J' e11<l , or distal portion, of Lile early m-lZNA (Miller and 
Fried, 1976; Feunteun et al ., 1976). The i\ gene product is required for 
initiation, but not for elongation or termination of viral DNA synthesis 
(T gtmey r, 1972; Francke and Eckhart, 1973; Chou et al., 1974). The 
i\ gene product appears also to be responsible for the stimulation of 
cellular DNA replication, which occurs early in the infection of permis-
sive and non-permissive cells with polyoma or SV40 viruses (Tegtmeyer, 
1972; Chou and Martin , 1974; Tjian et al., 1978). Finally , the most 
interesting property of the ts/\ mutants is represented by their inability 
to transform cells at the restrictive temperature associated, at least in 
the case of cells selected in liquid medium, with a temperature dependent 
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phenotype o[ c lls tr a n s f or m d by t sJ\ mutants a t th e p ermiss ive t emp e r a -
ture (Tegtmey er, 1972; Martin and Chou, 1975; Teg tmey er, 1975; Brugge and 
Butel, 1975). 
Several experiments have indicated that SV40 and polyoma mutations 
of the tsA group affect th synthesis and the physical prop erties of the 
T antigen (Tegtmeyer , 1974). More recently it has been shown that T 
antigen is encoded in the sequence of the viral DNA mapping toward the 3' 
end of the e arly RNA region (Prives e t al ., 1977 ; Paucha et al., 1977; 
Ito et al ., 1977). This is the same region of the early viral DNA in 
which the A gene maps . It is thus likely that T antigen is the product 
of the A gene . 
The host-range mutants of polyoma virus isolated by Benjamin (1970) 
also map within the early region of polyoma DNA. These host-range 
mutnnts grow on]y in mouse cells transformed by defective polyoma virus. 
They also have the unselected property of being transformation negative 
(Staneloni et al ., 1977; Fluck et al ., 1977) and are thus termed host-
range transformation mutants (hr-t). The hr-t site on the viral chromo-
some has now been mapped and found to be con£ ined to the 5' end of the 
early RNA re gion, where sm a ll tis also enccx:led, and distinctly apart 
from th e tsi\. class mutants (F e unteun et al ., 1976; Miller and Fried, 
19 76). Indeed, whereas cells infected with either wild type polyoma or 
the hr-t NG-18 mutant induce indistinguishable T antigens, cells infected 
with NG-18 mutant fail to induce a detectable t (Ito et al., 1977) . 
Cells transformed by polyoma or SV40 viruses are stably altered in 
several metabolic and morphologic properties. Methods of selection of 
transformed cells are based on only some of the new properties acquired 
by the transformed cell. Transformants selected by different methcxis may 
vary in their properties. Polyoma and SV40 transforme d cells do not 
produce virus. Viral DA synth sis or capsid proteins have never been 
d te t d in transformed cells (Todaro and Gren, 1966a; 1966b; Henry 
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ct al . , 1966). However, the same viral coded or viral induced functions 
which arc xpr ss d ' early' in lytically infected cells are also expressed 
in trnnsformcd c l]s . They incJude surface antigens (llabe], 1961; Koch 
0nd S0bin, 1963; Coggin et al . , ]969), the membrnnc U 0ntigen (Lewis 
ct al., 1969) and the nuclear T antigen (BJack et al . , 1963; Habel, 1966). 
T ;111l i1 1,c'11 is pn'sC'nt· In t·hC' nuclf'11s of cc lls C'it-liC'r trnnsformcd or 
p1-od11cL[vL'ly 111tt'<'LL'd by polyom;t or SV/10 viruses . /\s previously reported, 
T antigen is an early viral gene function and appears , from experiments 
with tsA mutants, (i) to control the r eplication of viral DNA in product-
iv ly infected cells , (ii) to stimulate cellular DNA synthesis in trans-
formed and productively infected cells , and , lastly , (iii) to be involved 
·n the initiation and/or the maintenance of polyoma or SV40 ind uced cell 
transformation . The mechanisms by which T antigen exerts all these 
effects are at presen t only speculative . 
WlLlt r spccl Lo its lnvo l vcn1c11t .i.n ee l I Lr;111sform.:1tio11 , it li.:1s heen 
rcµorLccl Lllat the A gene function ls necessary [or Lhe establishment of 
trans [ orma tion by both SV 40 and polyoma viruses (Di .t-b yorca et al. , 1969 ; 
Eckhart , 1969 ; Kimura and Dulbecco , 1972 ; Tegtmeyer , 1972) . Its continuous 
expression is necessary also for the maintenance of transformation in SV40 
transformed cells selected in liquid medium (Martin and Chou, 197 5 ; 
Tegtmeyer , 1975 ; Brugge and Butel , 1975) . However, cells transformed by 
polyoma tsA mutants and selected by gr owth in soft agar do not require the 
continuous expression of the A gene for the maintenance of the transformed 
phenotype . It has recently been reported tha_ polyoma transformed rat 
cells differed in their requirement for continuous A gene expression for 
maintenance of the transformed phenotype , when different methods of 
selection of transformants were used (Seif and Cuzin , 1977) . Selection of 
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ransformanls in so[t agar produces tsA transformed lines which maintain 
their Lransforme<l phenotype when shifted to the restrictive temperature, 
whereas transformants selected by their capacity to form dense foci on 
plastic in 1 iquid medium, lose their transformed phenotype when shifted 
to the non-p rmissive temperature. It seems ther fore, that two types of 
transfornwnts ar induced by polyoma virus . In one of them, selected in 
liquid m dlum, the transformed phenotype is primarily, if not exclusively, 
u1Hll'r Llil' crn1Lrol or Lite A gl't1l' . 111 Ll1L' ollll'r LypC' or trnnsformnnt, 
selected in soft agar, it appears as if a second gene controls transform-
..1Llon . TI1at this ls the case is suggested by recent exper ime nts by Bouck 
et al . (1978). Viable SV40 mutants carrying deletions in the proximal 
part oI the early DNA region (between positions 0 . 50 and 0 . SI+), where 
little t antigen is specifically encoded , fail to form colonies in agar, 
but <lo form trans[orme<l co]onics in liquLd . These mutants complement A 
gene mutants for transformation . 
A second gene other than A, involved in tr ans formation had been 
defined c::1lso by Lhc polyoma llr-t mutants <lescrlbcc..l car]ler (Benjamin, 
1970) . This view is reinforced by results from complementation experiments 
beLwcen tsA and lir-t mutants of polyoma virus . These two classes of 
mutants complement each other efficiently and symmetrically both for 
transformation and replication (Eckhart , 1977 ; Staneloni et al . , 1977; 
Fluck et al ., 1977). TI1ese results demonstrate that the tsA and hr-t 
mutant groups represent two distinct early gene functions in replication 
and transformation . 
The persist nee in polyoma or SV40 transformed cells of the T 
antigen, which is a virus coded protein, and of the other virus induced 
antigens is an indication that viral DNA sequences must be present in 
transformed c lls . At least one complete copy of the viral genome must 
be present in some virus tr ans for med cells since it has been possible to 
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rescue infectious SV40 or polyoma virus from them (Koprowski et al., 
1967; Watkins and Dulbecco, 1967; Fogel and Sachs, 1970; Summers and 
Vogt, 1971 ; Folk, 1973). Rescue of virus from transformed cells is 
achlcveci lLher by cocultlvation, or by [uslon, o[ the transformed cells 
with permissive cells . It is thus evident that viral DNA persists in 
SV40 and polyoma transformed cells from which virus is rescued. However, 
DNA sequences are also present in all the other virus transformed cell 
llnes from whlch vlrus cannot be rescued . The detection of viral DNA 
s quences , which represent an extremely small fraction of the total amount 
of the DNA present in a cell , requires very sen sitive techniques. DNA-
RNA filter hybridisation (Gillespie and Spiegelman , 1965) and DNA-DNA 
reannealing kinetic techniques (Gelb et al ., 1971) have proved to be 
suited for the purpose . The former method measures the hybridisation 
b tween virus specific labelled c-RNA with total DNA extracted from trans-
formed cells . Reconstr uction experimen t s are t hen necessary to quantitate 
t he amount of viral DNA in transformed cells . The latter method compares 
the rate of reannealing of high specl fic activity labelled viral DNA in 
the presence of total DNA from transformed cells and normal cells . Since 
the rat of reannealing of the labelled viral DNA is directly proportional 
to the total concentration of the viral DNA (Brit t en and Kohne , 1968 ; 
Wetmur and Davidson , 1968) , a direct est i mate of the amount of viral DNA 
per transformed cell is obtained . Though both methods are good for a 
qualitative detection of viral DNA, the DNA/RNA hybridisation method 
suffers from a systematic error in the reconstruction experiment (Haas 
et al ., 1972) which results in an overestimation of the amount of viral 
DNA per cell . When the error is corrected, the results obtained by the 
DNA/R~A hybridisation method are in go~p quantitative agreement with those 
obtained with the DNA/DNA reannealing kiDetics . The persistence of viral 
DNA sequences in transformed cells can also be shown by the presence of 
viral m-RNA transcripts. 
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The fi r s l evjcJcn cc for the p r s istcnc or vlral DNJ\ in pnpovavirus 
tr,111storrn cl C'cll s was gjvcn hy ncnj ,inlin (1966), wh o found th a t in cel]s 
or cliff r nt specLcs tron s formc cJ by po]yoma vlrus , n s mall frn c tion of 
the total RA specifical]y hybridised to purified viral DNA. Further 
evidence for the presence of viral DNA in SV40 and polyoma transformed 
cl'lls c·an1l' l .:1ter from tit work o( Wcs lph.11 ~md ])11lhccco (1968). The DNJ\ -
RNJ\ hybrid ls;itlon method was used and their results were c onfirmed in 
slmi]ar exp -r 1111 'n ts by Tal .'.ln<l O' Brlcn (1969) ,ind by Levine c t al . (1970). 
L vine and co-workers, however, used an improved DNA-RNA hybridisation 
technique for the quantitatlon of the viral genome equivalents per trans-
formed cell and reported values remarkably lower (between two and nine 
equival nts of SV40 DNA per transformed hamster cell) than those reported 
by Westphal and Dulbecco (about 60 SV40 equivalents per cell) . A more 
exac L q_ u .:.m Ll Lall on ol Lh c amoun L ol v l r al UNA per L rans1 or111e<l cell was 
obtained by using DNA reannealing kinetics (Gelb et al., 1971). With 
this method in four out of five SV40 transformed lines, an average of one 
SV40 DNA equivalen t per transformed cell was present. Three SV40 DNA 
equivalents were fo und in the fifth cell line. Similar quantitative data 
were also obtained by Ozanne et al. (1973). 
Sambrook et aZ.(1974) investigated which portion of the viral genome 
was present in SV40 trans formed cells. Labelled SV40 DNA fragments , 
produced by sequential cleavage of SV40 DNA with restriction endonuclease 
EcoRI and Hpal, were used as viral probes for reannealin g kinetics in the 
presence of DNA extracted from SV40 transformed cells. Most of the trans-
formed cell lines examined contained the entire ·sequence of SV40 DNA, but 
different portions of the SV40 DNA were represented at different 
frequencies . Although many lines of SV40 transformed cells contain 
complete copies of the SV40 genome, the presence of the entire genome is 
not necessary for transformation. It is possible to transform cells with 
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fragm nt s of SV40 DNA obt a ined b y r es tric tion end onu c ] ease c l eav age. 
The transforming fr agme nt s c ont ain the entire early region of the viral 
DNA (Abrahams and van d e r Eb, 1975; Abrahams e t al., 1975). It has been 
shown also that though the whole genome of SV40 virus is present in 
transformed cells, only th e 'early' region of the DNA is actively 
transcribed . The viral transcripts of the early lytic cycle are similar, 
if not identical, to the transcripts found in some transformed cell lines 
(Kamen et al ., 197 4; Weinberg et al. , 19 7 4; Khoury et al. , 197 5; Kamen and 
Shure , 1976). 
Concomitant with the report that viral DNA was pres e nt in trans£ armed 
cells, reports appeared of the physical state of these viral DNA 
sequences within the cell. In the SV40 and polyoma cell lines previously 
investigated by Westphal and Dulbecco (1968), no molecules of free viral 
DNA in super coiled circular farm of any size were detected (Sambrook et 
al ., 1968) . However, viral DNA corresponding to about 20 viral genome 
equivalents per cell, as judged by RNA/DNA hybridisation, was detected 
associated with cellular DNA from SV40 transformed cells, fractionated by 
sedimentation in alkaline sucrose gradients. It was concluded that the 
viral DNA was integrated into the cellular DNA by alkali-stable bonds 
(though it was not possible to rule out the possibility that oligomeric 
forms of SV40 DNA co-sedimented with high molecular cell DNA in the 
alkaline sucrose gradients). 
Botchan and McKenna (1973) inves ,tigated the integration of SV40 DNA 
into high molecular weight DNA from SV40 transformed mouse cells using 
the restriction endonuclease EcoRI. The total DNA from SV40 transformed 
cells was first dige sted with the enzyme, and then fractionated by agarose 
gel electrophoresis. The SV40 DNA sequences were localised on the gel by 
hybridisation with labelled c-RNA. SV40 DNA is cleaved by EcoRI at only 
one site . Two fra gments of SV40 DNA we re found on the gel and the sum of 
their molecular weights was higher than the molecular weight of SV40. 
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This resu1 suggested that the viral DNA fragm nts we r e covalently linked 
to cellular DNA. 
Inves i ga tions on th presence and the sta t e of viral DNA sequences 
in polyom,7 rnn sformcd ce ll s h nvc r cvc;i lccl n more c:omplc x situntion . 
Ma n or et al . (1973) detec cd about thirty polyoma DNA eq uivale nts per 
c ,11 in two clrnH s dc.'riv<.'u from ,111 indu c ibl e, line of pol yomn tr.:insformccl 
rat cells. Of these, only six to nine DNA equivalents per cell were 
lnLc gr ~1Lccl, a· . csLlm~tccl [rom hybrl<lls;itlon of c-RNA wiLh DNA purlflecl 
by sedimentation in alkaline g ly cero l gradients . The presence of the free 
polyoma DNA molecules, as weJ.l as that of the integrated ones, was further 
analysed in different cell lines of polyoma transformed rat cells (Prasad 
et al., 1976; Zouzias et al ., 1977). These transformed rat cells yielded 
virus upon fusion with permissive cells. They contained from twenty to 
fl[Ly copies of non-lnLcgrat e <l viral DNA equivalents per cell, and the 
presence of free viral DNA molecules was a stable property of the trans-
£ ormed cells. Most of the free polyoma DNA molecules were localised in 
the nuclei of the tr ansformed cells, had a circular supercoiled conform-
ation, and were infectious. The maintenance of the free polyoma DNA 
molecules was tsA dependent. From six to eight equivalents of polyoma 
DNA were found integrated in cellular DNA from transformed cells , as 
judged by reannealing kinetics of labelled polyoma DNA in the presence of 
transformed cellular DNA purified by the n etwork technique (Varmus, 1973). 
The amount of integrated viral DNA was constant and tsA independent. 
In itu hybridisati on experiments showed th a t only a fraction of the 
transformed cells contained free polyoma DNA. It was concluded that 
spontaneous induction of viral DNA replication was occurring at a low 
level in the transformed cell population and that free viral DNA molecules 
were likely to have arisen from the integrated ones. Very similar results 
were also reported for polyoma transformed hamster cells (Folk and Bancuk, 
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]976). Th re hcis been only one report of f r ee , circular , s up ercoiled 
infectious SV40 DA recovered from SV40 transformed cells (Daya-Grosjean 
et al . , 19 7 5 ) . 
Information about the site, the specificity and the pattern of 
integration of viral DNA in transformed cell DNA is at present scarce and 
limited to the SV40 system. The experiments by Gelb and Martin (1973) 
indicated that viral DNA was associated preferentially with the non-
rcpcc1tccl frc1ction of the cell DNJ\ .Ln SV/10 trnnsformcd rel ls. The distri-
bution of the SV40 DNA sequences between unique and repetitive host DNA 
fractions vari ed from one ce ll line to another and suggested that there 
was more than one site of SV40 DNA integration. 
Later reports by Ketner anc.l Kelly (1976) and J3otchan et al . (1976) 
supported this conclusion . Both groups independently investigated the 
arrangcmcnl of SV40 DNA sequences in the lJNJ\ of several lines of SV40 
transformed cells using the same experimental approach . The transformed 
cell DNA from each line was digested with various restriction enzymes, 
electrophoresed on agarose gels , transferred from the gel to nitro-
cellulose paper as described by Southern (1975) and hybridised in situ 
with labelled SV40 c-RNA or DNA . This methcxl makes it possible t o locate 
the restriction fragments containing t he viral DNA and estimate their 
molecular weight . From the analysis of five lines of mouse cell$ 
independently transformed by SV40, Ketner and Kelly (1976) concluded that 
the structure of the integrated SV40 DNA and/or its location in the host 
genome was different in each transformed line. Botchan et aZ.(1976) 
analysed very extensively the viral DNA sequences in eleven lines of 
SV40 transformed rat cells . Seven of those lines, containing multiple 
copies of SV40 DNA, gave complex patterns after digestion with three 
restriction enzymes . It was concluded that in these seven lines there 
were multiple insertions of SV40 DNA. The other four cell lines contained 
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one sing]e lns rtion of vir al D A at diffe rent locations on the cell 
chromosom . Also , the junction between cell and viral DNA involved 
different sequenc s of the SV40 DNA in each Jine. Thus integration of 
SV40 n J\ in rnnsformed ce lls appears to occur at several sites in both 
ccJ luJ.:1r und vir.:1] DNJ\ . 
Int gration of the viral genome cannot be complet~ly nonspecific 
if the ' early ' region of the viral is preserved during the integration 
l'V ' 11L . J\l~w Lill' r ;1cl Ll1 ;1L vlru~ c ; 111 l>l' rL': · n1l'<I fru111 soml' lr:1n:;forrnl' d 
cC'JJ Jines indicates that the recombinational event leading to inte-
grutlon must preserve all o( the vlr;:il genetic information. From 
experiments on hybrid cells obtained by fusion of SV40 transformed human 
cells and monkey cells , permissive for SV40, Croce and co-workers 
suggested that SV40 DNA integrates specifically in one morphologically 
idl.'ttLllL.1bJc liu111a11 c liro111osorn, (Croce cl al., JSJ7J; JSJ7l1). Tak.l.'ll Logl.'Ll1L'r 
with the above results (Botchan et al ., 1976) this would mean that all 
the different sites of integration of SV40 DNA in the cell DNA are 
clustered in one specific chromosome . 
It is not known what role is played by the integration of viral DNA 
in the events leading to cell transformation . Integration of viral 
genes into cellular genes may provide a stable environment for the 
continuous systhesis of virus specific products either leading to cell 
transformation or necessary to maintain the cell transformed phenotype. 
It can be speculated that the integration of viral DNA into regulatory 
cellular genes could also induce irreversible mutations in the host 
genes leading to the acquisition by the cell of some new 'transformed' 
properties . The continuous expression of the integrated genes might 
also be necessary for full transformation . 
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Th r is vid n e th.-it SV40 ,md po]yoma vLruses integrc1te th eir DNJ\ 
into tlt c DNJ\ of host ce1 l s lyticc1lJy or abor tively infected c1s well as 
in -o the D /\ 01 trnnsf or med 11 s . Sever:i l gr oups have investir,at d th e 
1n o 01 tli in1 cr t- in r, virnl DNA in ab ortiv ly in1erted ce l]s. Hirai et 
al . (1971) found that in SV40 infected chinese h ams ter ovary cells viral 
DNA sequences became associated in an alkali-stable form with cell DNA 
early (10-20 h) after infec tion, and th a t the association was not 
~111vC'll'd hy cyLnsi1w ;1r:1h[110~.ldc.' . 1nll1;r :1l<'cl virnl DN/\ w,1s nlso 
cJ t ec t cd JaLc r in infection (30 h pos t infc tion). The fate of infecting 
SV40 DNA 111 mouse ce lls abortively infe c t ed by SV40 was investigated by 
Collins and Sauer (1972). Infection was achieved with naked SV40 form I 
DNA inslca<l o[ with virlons. The supcrcoilc<l infecting vlro.l DNA wns 
convert e d first to slower sedimenting forms, probably open circui'ar or 
li11L':1r mol -c uks . \✓ lLldn 2 cL1y s p .l.. vlr ~1I DN/\ ;1ppe;JreJ co8e cll111cnll11~ 
wiLh ce llula·r DNA in alkaline sucrose or CsCl gradients and thus probably 
in an integrated form. Up to 1,200 equivalents of SV40 DNA per cell 
wer e inLegratecl at 48 lt p os t infection . SlmlJarly, inlc gra tlon of 
polyoma DNA in abortively infected hamster and human ce lls has been shown 
(B abiuk and lludson, 1972) . 
Integration of viral DNA into cellular DNA apparently occurs in 
cells productively infected by polyoma or SV40. In a permissive cell 
system the detection of integrated viral genomes becomes complicated by 
the high amount of the viral DNA replicated and accumulated late in 
infection. Nonspecific trapping of free monomeric virion DNA in the 
bulk of fast sedimenting cell DNA can occur, but it can be accounted for 
by adequate controls . A more problematic contamination of fast sedimenting 
cell DNA r esults from multimeric , circular or linear viral DNA forms of 
very high molecular weight arising during replication of the viral DNA 
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(Jaenisch and Levine, 1971; Martin et al . , 1976). One way of circumvent-
ing these problems is to infect the cells in the presence of inhibitors 
of D A rep lie ation, which do not seem to inhibit integration and allow 
the early events of infection to take place. It could be objected that 
these conditions r e produce artificially those of non-permissive cells 
and might influ nee the occurrence of integration. However, this 
approach has been adapted by Hirai and Defendi (1972) and Ralph and 
C o 1 t or ( 1 9 7 2 ) i 11 t h o i n v o s t i r, ri t i. on o f t h c i n t c ~ r ,1 t ·i o 11 o f S V 4 0 n n d p o 1 y om a 
DNt\ during prod11ctivc Lnfcction. R;ilph c1ncl Colter (1972) infected TIUc..lR 
Jabe]le<l mouse cells with polyoma virus in the presence of the DNA 
synthesis inhibitor 5-fluorodeoxyuridine . Following fractionation of 
1 h <:1vy ' cell DNA and ' Jiglit ' viral DNA in CsCl equilibrium gradients, 
8-15 polyoma genome equivalents per cell were detected in the BUdR 
c·011L1ini11g DNA ;1L lL, h post infccli.011. Ilir:ii .111cl Dcfcrnli (1972) infected 
monkey eel] s with a low rnultiplici ty of SV40 virus in the presence of the 
inhibitor of DNA synthesis cytosine arabinoside . They reported the 
appearance of viral DNA sequences in both the Ilirt pellet (Hirt, 1967) and 
in DNA that sedimented rapidly in alkaline sucrose from about 20 h post 
infection . 
An estimate of the viral DNA integrated in the DNA of cells 
productively infected by SV40 was attempted by Holzel and Sokol (1974) 
without the use of an inhibitor of viral DNA synthesis. The cell DNA 
from the infected cells was purified by a multistep procedure consisting 
of (i) pr cipitation by the Hirt (1967) method, (ii) centrifugation in 
alkaline sucrose gradients, (iii) equilibrium centrifugation in ethidium 
bromide - CsCl gradients, and finally (iv) another centrifugation in 
alkaline sucrose gradients . The efficiency of purification of each step 
was determin d from the amount of contamination by the free viral DNA in 
a parallel control experiment. Up to 20,000 copies of SV40 DNA per cell 
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w re associated with cell DNA purified in this way. Association of 
viral DNA with c 11 DA was detected starting from 24 h post infection. 
This value for the integrated viral DNA .::ippe.:1rs excessive nncl raises 
th, qu sUon or whether the ce]l DNA, though thoroughly purified by 
conventional m thods, contained unusual viral DNA contaminants. Indeed, 
oligomeric SVL~O DNA forms are detected at late times in infection (at 
which the above experiments were performed) (Jaenisch and Levine, 1971; 
~hrlin 'l al., 197G), on<l can ~1ccounl for more L\i;m 10 pL'rc 'llt or tl1c 
viral DNA in monkey cells productively infected by SV40 at 70 h post 
infection . These viral DNA oligomers, dimers up to hexameres, sediment 
with the DNA pellet during Hirt (1967) separation of cell from viral 
DNA , and sediment with cellular DNA during alkaline sucrose gradient 
sedimentation . It is therefore very likely that most of the viral DNA 
found associatc<l with purifle<l cellular DNA in the experiments of lJo]zel 
.and Sokol (197 4) was due to contamination by free viral DNA of the type 
described , though it is possible that some viral DNA is truly integrated, 
since SV40 DNA has been shown to integrate also in absence of its 
replication (Hirai and Defendi, 1972) . The biological significance of 
integration during lytic infection is unknown. There are at present no 
data suggesting that integration plays any obligatory role in the 
infectious life cycle of the virus . Nothing is known about the 
relationship between the integration event and the other events induced 
by the virus during the early stage of infection. Apparently cellular 
DNA synthesis, which is induced in permissive and non-permissive cells 
by SV40 or polyoma infection , is not a prerequisite for integration of 
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viral DA (Hirai/and Defendi, 1974) . Integration of viral DNA during 
lytic infection could be the result of a cellular recombination system, 
enhanced by the presence of large amounts of viral DNA. integration of 
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viral DNA inlo llular DNA during procluclive growth may cause alterations 
in the regulation of transcription and replication of the host cell 
g'nome cmcl ontrihute to cytopathic ef( cts <1nd cel1 death. 
Int gration during lytic infection provid s a plausible explanation 
for th occurrcnc 0£ SV40 variants, whose genomes contain host DNA 
substitutions (LavL nnd Wlnocour , 1972 ; Martin et al ., 1973). The genomes 
of these variants could have arisen by defective excision of viral DNA 
i ntcgr;itccl i nl o c · 11 ul <1r DNA. Tn tcgr;ition of vi.r.ll DNJ\ into cell DNJ\ may 
also expla · n the occurrence of RNJ\ transcripts containing covalently 
linked host specific and virus specific segments, detected in cells 
productively infected or transformed by SV40 or polyoma (Wall and Darnell, 
197]; Weinber g et al ., 1972) . 
J\dcnov.Lruses 
The adenoviruses are non-enveloped icosahedral DNA viruses which 
multiply in the nuclei of infected cells . More than eighty distinct 
serotypes have been isolated from animals of different species (Green, 
1970; Tooze , 1973) and over thirty from humans. Adenoviruses cause mild 
respiratory illness in man . 
As compared to papovaviruses, adenoviruses are larger and more 
complex . Adenoviruses share with the papovaviruses many properties in 
their mode of infection . They replicate productively and with high yields 
in permissive cells . Human and non-human adenoviruses are also able to 
transform non-permissive cells in culture and cause tumours ~n mvo in 
suitable animals . Like papovaviruses, adenoviruses provide a good 
experimental system for the investigation of (i) the replication cycle of 
DNA tumour viruses, (ii) the mechanism of cell transformation and possibly 
(iii) some aspects of the molecular biology of the eukaryotic host cell. 
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R c nt years hav $ 'Cn very fast advances in understanding of the 
replicative machinery of adenoviruses and in identification of the virus-
oded transforming function(s) . 
Most of th information about adenovirus DNJ\ structure and repli-
cation and ad novirus induced transformation have been obtained from 
work with the human serotypes 5 (AdS) and 2 (Ad2). One avian serotype, 
chick embryo lethal orphan (CEL0) virus has been investigated with 
nspl'<'t Lo LIH' ~~ Lr11c·Lurc.' :ind lliC' rc.'plic:1Li()11 or ils DNA, ;md rC'sults 
comparable to those from human serotypes have been obtained . The adeno-
virus genome is a linear duplex DNA molecule of molecular weight ranging 
from 20 to 28 x 10 6 • The DNA of the human serotypes has a molecular 
weight between 20 and 25 x 10 6 (Green et al., 1967; Doerfler and 
Kleinschmidt , 1970), and that of CELO virus 28 x 10 6 (Robinson et al., 
1973). 
The adenovirus chromosome can be isolated from purified virions as 
a DNA-protein complex (Robinson et al ., 1973; Robinson and Bellett, 1974; 
Sharp et al ., 1976; Rekosh et al ., 1977). Procedures of extraction of 
viral DNA from purified virions which exclude the use of proteolytic 
enzymes, yield circular and oligomeric adenovirus DNA molecules. The 
circular molecules are generated by a protein-protein link between the 
termini and the ends of the DNA molecules are not covalently joined . 
A protein, of approximate molecular weight 55,000, is covalently joined 
to the 5' end of each strand of the duplex adenovirus DNA molecule 
(Robinson and Bellett 1974; Sharp et al ., 1976; Rekosh et al ., 1977). It 
appears that this protein is also bound to the ends of intracellular 
replicative forms of adenovirus DNA and that it might play some role in 
the replication of the viral DNA (Girard et al ., 1977; Stillman and 
Bellett, 1978; Robinson et al., 1978) . 
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J\c.l novirus I) J\ js <1 non-p 'rmuLccl lincnr molecule c onlc.11.ning neither 
ccl1csiv ends nor direct terminal repetitions (Kime s and Green, 1970; 
Doerfler and Kl inschmidt, 1970; Younghusband and Bellett, 1971; 
Robinson et al ., 1973). The absence of these features suggests that 
adenovirus DA cannot form double stranded circular or concatemeric 
molecules by recombination or by base pairing of complementary DNA single 
stranded ends and must therefore replicate without such intermediates. 
Roplicativc in crmcc1ic1tcs of c1dcnovirus D /\ a r e lincc1r molecules contain-
ing xtensive stretches of single stranded DNA. For this reason the 
replicative DA hns a greater sedimentation rate in neutral sucrose 
gradients and a higher buoyant density in CsCl gradients than mature 
adcnovirus DN/\ (Pem-son and Hanawalt, 1971; Sussenbach and van der Vliet, 
1972; Bellett and Younghusband , 1972; Pettersson, 1973, Pearson, 1975). 
Rcp]icc1tlon of adcnovirus DNJ\ is scmlconscrvt.1tlvc <1n<l proceeds via n 
displacement mechanism (Pearson and Hanawalt, 1971; Bellett and Younghusband, 
1972; van der Vliet and Sussenbach, 1972; Sussenbach et al., 1972; van der 
Eb , 1973 ; El lens et al ., 1974) . Origins and termini o[ rc.pllcatlon occur 
at both ends oI the DN/\ molecule (Tolun and Pettersson, 1975; Shilling et 
al ., 1975 ; Horwitz, 1976; Lechner ancl Kelly, 1977) . 
The major problem with a mechanism o[ replication involving linear 
intermediates is the conservation of the genetic information at the ends 
of the molecule . /\11 known DNA polymerases require a 3'-0H group as a 
primer, which might be provided by a short RNA sequence. Removal of the 
RNA primer from the S' end of a linear DNA molecule leaves a single 
stranded parental 3 ' end with no complementary progeny sequence . How 
synthesis of the S ' end is completed to yield mature fully double stranded 
linear DNA molecules has yet to be discovered . The ends of the adenovirus 
DNA molecule have two unique structural features as well as the 55k 
terminal protein: an inverted repeated sequence, 100-140 nucleotides long 
(Wolfson and Dressler, 1972 ; Garon et al ., 1972; Roberts et al., 1974; 
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Robinson and Bellett, 1975), and a possible palindromic s e que nce located 
some distance from the termini (Padmanaban et al ., 1976). The nucleotide 
sequence at the termini of Ad5 DNA, including the inverted terminal 
r c r n t , k1 s h cc n d c Le r rn in e cl ( S t cc n b c r g h et a l . , 19 7 7 ; Arr and and Ro be r ts , 
p rsona] commun ·cation). No palindromic sequence is present in the part 
Lhnt lw.s b en sequ need to date (about 200 base pc1irs in). The functions 
o[ the inverted terminal repeat and of the protein on the 5' ends have 
noL been Jcf Lnllc ly cst;:ib I ls lied. There ls some' ev id ence th.1t the tcrm.ina] 
protein is involved in prim·ng replication at the 5' ends of adenovirus 
DNA (Rekosh ct al ., 1977; Stillman an<l Bellett, 1978; Robinson et al., 
1978). It has also been proposed that the inverted terminal repetition 
allows the formation of a single-stranded circle with a duplex 'panhandle' 
from the parental strand which is displaced, and that the duplex section 
of thls molecule is required to initiate replication of the second progeny 
strand (Lechner and Kelly, 1977). 
Physical maps of the DNA of human adenovirus type 5 (AdS) and type 2 
(Ad2) have been obtained by the u se of restriction endonucleases to cleave 
the viral DNA into a discrete number of fragments which can be linearly 
ordered on the viral DNA molecule. The enzymes most conmonly used have 
been EcoRl, llpal, HindIII and BamHI (Pettersson et al ., 1973; Mulder et al., 
1974; Sharp et al., 1974). As described for papovaviruses DNA, the 
adenovirus DNA map is divided into 100 units. Position O is by convention 
at the left end of the DNA molecule in the region with higher G + C con-
tent, which was identified by partial denaturation mapping (Doerfler and 
Kleinschmidt, 1970). Also 'early' and 'late' regions can be defined with 
respect to their transcription prior to or after the onset of viral DNA 
replication respectively. 
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Th two complementary strands of the adenovirus DNA molecule are 
separabl . One strand (the H or heavy strand) has greater affinity for 
poly (U, G) than the oth r strand (the L or light strand). They can thus 
be separat d by centrifugation in CsCl buoyant density gr adients (Landgraf-
Leurs and Green , 1971 ; Tibbetts et al ., 1974) . During adenovirus 
infection the ll and the L strands are transcribed leftward (1) and right-
ward (r) respectively. One strand of the adenovirus DNA molecule can 
thus he clC"fincd as the 11 or J str,1nd, while the other strc1nd is the L or r 
strand . Early m-RNA sequences are copictl from four widely spaced regions 
of the adenovirus DNA molecule , two on each strand (Sharp et al ., 1974; 
Tibbetts and Pettersson, 1974; Flint et al ., 1976; Ortin et al ., 1976). 
m-RNA isolated at late times in infection, contains all the early sequences 
in addition to exclusively late sequences wh i ch account for all the 
rcmnining inform.1LLon of the genome. The. m,1jor .ity of tl1e l;1te m-RNJ\ -Ls 
transcribed from the r strand (Figure 3) . 
It is possible to map directly on the DNA molecule viral polypeptides 
by in vitr>o trc1nsl.:1Lio11 of m-RNA species sc l cc l c<l by hyhrld{s,1Lion to 
r 'Slr lcllon [rt..1gmenls of ,Jdcnovlrus DNA (Lc\vls cl al ., 1975; 19 76) . The 
same poJypcptidcs can also be detected in v~vo by radioactive labelling 
(Lewis , 1974; Harter et al. , 1976; Harter and Lewis, 1978). In vitro 
translation of early m-RNAs produces six non-structural polypeptides 
(Lewis, 1976) while in vitro tr anslati on of late m-RNA species yie ld s 
virion structural polypeptides (Lewis, 1975; Figure 3). The functions of 
ome of the early polypeptides appear to be crucial both for the repli-
cation of Lhe viral DNA and virus induced cell transformation. A 40k to 
55k and a 15 . 5k protein are translated in vitro from early m-RNA selected 
by hybridisation of the left-end sequences of Ad2 DNA (Lewis et al ., 1976). 
It has be n suggested that the 55k protein may be the protein found 
covalently attached to the 5 ' ends of adenovirus DNA (Robinson and Bellett , 
FIGURE 3: Topography of the adenovirus genome (ad apted from Flint, 
1976) 
The adenovirus genome is shown by horizontal lines, 0-100 units, 
in each part of the figure. In the. map of rnRNA sequences, the two 
lines represent the rand 1 strands of Ad2 DNA; the vertical lines 
indicate sites of cleavage by EcoRI and HpaI. The arrows above and 
below the genome depict the regions to which rnRNA is complementary ; 
genes for the non-messenger RNA, VA-RNA, are indicated by the 
stippled area. In this, and the map of polypeptides shown below, 
solid lines indicate early viral gene products, whereas open areas 
show late products. In the polypeptide map, parentheses indicate 
uncertainty in order. 
In the map of temperature-sensitive mutations of AdS, the 
relative locations based on recombination frequencies are indicated 
above the line. Below are shown the limits within which physical 
mapping places the sites of mutation. Mutants HS ts9 and HS ts22 
fail to synthesise fiber, whereas HS ts2 makes reduced quantities of 
hexon at the restrictive temperature. HS tsl is deficient in trans-
port of hcxon into the nuc]eus. The phenotype of HS ts49 is not 
well defined. 
The final part of this figure summarises the preceding inform-
ation in the form of a functional map of the adenovirus ge nome , in 
which the regions to which the v.:irious functions have been loc.:ited 
are indicated. No information about strand assignment is intended. 
It also shows the regions in which replication of DNA is initiated 
and terminated, and a region whose expression is not essential for 
growth of the virus in tissue culture. 
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1974; Rekosh et al., 1977). The terminal left-end fragment of the Ad2 
DNA corresponding to 7 percent of the viral genome has been shown to 
contain th e viral information necessary to induce cell transformation 
(Graham et al ., 1974). The 15k and/or the 55k protein might th erefore 
hav some r lcvance in transform a tion. 
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A 72k protein is tran sla t d from early m-RNA mapping between 
positions 66.5 and 61 . 6 approximately, to the right of the centre in the 
/\c.12 DNJ\ molcc: uJ c . /1.n 'carJy ' 72k protein has ; 1 Lso be e n lso.1olcd from J\clS 
inf cted ce lls . This protein in its native form binds to single stranded 
DNA (van d e r Vliet and Levine, 1973) . It plays an essential role in viral 
DNA replication, and appears to influence the frequency of transformation 
(Ginsberg et al . , 1974; Mayer and Ginsberg, 1977) . These functions of the 
72k protein will be discussed further in following sections. 
The class of mutations which has been most frequently usc<l in genetic 
studies of adenoviruses is the temperature sensitive conditional lethal 
type . These mutants cannot multiply at high temperature, usually 38-40°C. 
Several temperature sensitive mutants of tl1e human serotypes Ad2, AdS, and 
Adl2 have been isolated and characterised to varying degrees. The most 
detailed genetic analysis has been done on AdS . A genetic map of AdS DNA 
based on recombination frequencies between members of different comple-
mentation groups has been constructed (Williams , 1974). However , the 
genetic map simply orders the various viral functions in relation to one 
another . A physical map of the AdS ts mutants has also been constructed 
and oriented with the genetic map by the use of an elegant technique 
devised by Grodzicker et al . (1974). They isolated wild type recombinants 
from interserotypic crosses between temperature sensitive mutants of MS 
and mutants of the non-defective Ad2-SV40 hybrid Ad2+ND1. The positions 
+ 
of Ad2 NDl and of AdS DNA sequences in recombinant genomes can be 
determined by analysis of their DA with restriction endonucleases. 
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The crossover points in the molecules yielding wild type recombinants 
could be establish d . The physical map correlates well with the genetic 
map (Figur J) . 
1ost of he J\d5 ts mutants characterised so far are defective in a 
Lite fun ·Lion, i.e . , in proteins, most1y structurc1l, systhesjsed at 
lat• stc1gcs of i_nfe tion following the initic1ti_on of viral DNA repli-
cation . However, a limited number of early ts mutants defective in DNA 
rt'plic-:1Lio11 l1:1vl' :1lsn hl'C'll if;ol:1Ll'd. TltC'SC' 111111:mts cln not: synthesise 
viral D J\ ot the non-permissive temperature and are thus ca]led DNA 
negative mutants . Since the expression of early viral functions is 
essential for viral DNA replication and for virus induced transformation, 
the early ac.lcnovirus ts mutants provide very usefu] tools for the 
identification of the viral products required for DNA replication and 
Lr·rnsfonnaLLon. J\g:1ln, Llie results obtt.1in·c.l wLLh J\<l.5 wil] be described 
as they are the most comprehensive . The DNA negative , ts mutants of Ad.5 
fall into two complementation classes , one represented by Ad5 tsl25 
( En s l n g c r ; 111 d C 1 n s I, c r g , I 9 7 2 ) .:111 c1 L Ii c o L: Ii c r h y J\ d 5 L s Jo .: 111 cl /\ d 5 t s J 7 
(Williams et al ., 1974) anc.l A<l5 tsl49 (Ginsberg et al ., 1974) . 
At the non-permissive temperature both types of mutants fail to 
synthesise viral D A (Ginsberg et al., 1974 ; Levine et al . , 1974; van der 
Vliet and Sussenbach , 1975) and do not produce capsid or other viral 
proteins (Ensinger and Ginsberg , 1972; Russell et al . , 1974) . Both 
Ad5 tsl25 and ts36 replicate normally at the permissive temperature . 
Wlwn cells 'nfcctcd with the mutants are growing at the permissive 
temperature and then shifted up to the restrictive temperature, the rate 
of DA replication of Ad5 tsl25 declines rapidly (within 30 min . ) , 
whereas that of Ad5 ts36 declines over 4-6 h after the temperature shift 
(Williams et al., 1974; Levine et al ., 1974; van der Vliet and Sussenbach, 
1975) . Ad5 tsl49, though belonging to the same complementation group as 
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/\dS Ls]6, rc<lu ·cs its D A rcpJicr1Lion wj Lh J-2 h from the time of the 
shift. It has been suggested that both AdS ts36 and tsl25 gene products 
are necessary [or Llw lnitiaLion o[ viral DNA rcplicatlo11 (v;:in dcr Vllct 
atH.l Susscnl>.:1cl1, J'.)75), a11d L11e J\.c.15 LsJ25 gene product may funcllon ln 
elongation o[ viral DNA chains as well as in initiation of rounds of 
viral D A synthesis (van der Vliet et al., 1977). The gene product of 
the AdS tsl25 mutant has been shown to be the early 72k protein encoded 
Lo Llie right o[ centre on Lhe Acl5 DNA molccuJc. This protein is 
equivalent to the 72k early protein described for Ad2. It binds speci-
fically to single stranded DNA (van der Vliet and Levine, 1973). The 
Ad5 tsl25 mutant has been mapped on the portion of the viral DNA which 
codes for th 72k protein (Lewis et al . , 1976) . Moreover AdS tsl25 
produces a protein thermolabile for continuous binding to single stranded 
DNA at lhe non-permissive Lemµcraturc (Levi11c cl al., 1974; van <ler Vllet 
and Sussenbach, 1975) . 
The defective Ad5 ts36 protein has not yet been identified . The 
corresponding gene has been located on the left hand side of the Ad5 DNA 
molecule . Most interestingly, both AdS ts36 and Ad5 tsl25 mutants have 
altered ability to transform cells, as compared with wild type Ad5. 
These properties and their implications will be discussed in a following 
section concerned with transformation by adenoviruses and in one experi-
mental chapter . 
Adenoviruses with oncogenic potential have been isolated from 
animals o[ cli[[ rent speci s; simian, bovine, avian and human (Hull et al., 
1965; Sarma et al . , 1965; Darbyshire , 1966) . Thirty-one adenovirus 
serotypes have been isolated from humans, and they have been subdivided 
into thre subgroups, A, B and C on the basis of their oncogenicity. 
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The degre of oncogenici ty is determined by the inoculum of virus 
r qulr cl , th time, and the fr quency of appearance of tumours in newborn 
hamsters . On thls basis group A (Adl2, 18 and 31) and group B (Ad], 7, 
11 , 14 , ]6 , 2]) adenoviruses are defined as ' highly ' and 'weakly' 
oncogcnic r spectively . Group C (J\dl, 2 , 5, 6) adenoviruses are defined 
as non-oncog nic since they cannot induce tumours in hamsters unless the 
animals are immunosuppressed . They do , however , transform rodent cells 
in culture (FrcemanC;tal . , 1967 ; Mc/\l l jster etal ., ]969) . 
J\denovirus s within each group are closely related and share 
60-100 percent of their base sequences, while those of different groups 
share 5-15 percent of their sequences (Pina and Green , 1968 ; Fujinaga 
et al . , 1969) . 
Transformation of non- permissive cells by adenoviruses can be 
acll i l'Vl'd by l11rl'l'Lio11 wiLh citlivr _inli.1ct virio11s or n;1kccl vir;1l DNJ\ 
(Graham and van der Eb , 1973) . Non-infectious fragmented adenovirus DNA 
also retains its transforming capacity (Mayne et al ., 19 71 ; Graham et 
al ., J 97L1) . J\cJcnovirus transformed cel l s prcsc.nL stable morphological 
and mcLabo1lc changes , as <lo the papovavirus trans£ or med cells . However , 
cells transformed by aclenoviruses have a characteristic morphology , and 
cells which have been transformed by aclenoviruscs or papovaviruses are 
distinguishable (Strohl et al ., 1967) . Also adenovirus transformed cells 
are selected from a population of untransformed cells by conditions that 
favour the growth of cells with altered pr operties , in this case growth 
++ in medium containing 0 . 1 mM Ca (Freeman et al . , 1967). The definition 
of cell transfor mation is , once again , relative to the method of selection 
used . 
Adenovirus transformed cells do not produce virions or viral 
structural proteins . Virus particle production has never been induced in 
adenovirus transformed cells by any of the methods of virus induction 
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succ ss[u]ly us d with papovavirus trans[ormccl celJs . Severa] lines of 
evidence indi ate , however, that adenovirus DNA sequences are present 
and are expressed in transformed cells . 
Tli,1t c1d 'tlOV i rus D /\ is presC'nt ,Jnd expressed ln transformed cel]s 
is indicat d by the appearance of virus specific antigens. Among these 
are the TSTA (transplantation antigen) surface antigen (Sjogren et al., 
1967) and the T (tumour) antigen. T antigen is a protein(s) usually 
dL·LccLcd by .:111 j:-; ·r.:t uhL.1l1 1cd fr()111 ;_1111111;1 I s be;_11- l11g ;_H.lc11ovlrtts luc..lu<:L'<l 
tumours (Huebner et al ., 1963). T antigen is present in cells trans-
formed by human adenoviruses from each group . The T antigens induced by 
adenoviruses from different groups are serologically distinct. T antigen 
is also induced ' early ' during lytic infection with adenoviruses (Hoggan 
et al ., 1965) and is detected in both nucleus and cytoplasm. 
Transformation experiments with specific restriction endonuclease 
fragments of Ad2 , Ad5 , and Adl2 DNA located the transforming DNA segment 
within the extreme left end 7 percent of the adenovirus DNA molecule 
(Graham et al ., 1974 ; Shiraki et al ., 1977) . T antigen is present in 
cells transformed with the left end fragment of adenovirus DNA (Shiraki 
et al . , 1977) anc..l must therefor e be encoded in, or induced by, these 
sequences of the viral DNA. The T antigen characteristic of · group C 
adenoviruses has been identified as a 58k protein (Levinson and Levine, 
1977) . Two polypeptides, one of 55k, are translated in vitro from m-RNA 
isolated from group C adenovirus transformed rat cells which are T 
antigen positive and express only the early transcripts mapping near the 
left end of the genome (Lewis et al ., 1976). Also Gilead et al. (1976) 
detected a 15k and a 53k protein in Ad2 infected cells by irnmunoprecipi-
tation with three antisera expected to contain antibodies against the Ad2 
transforming proteins(s) . Therefore , one (or both) of these proteins 
must b a candidate for T antigen . The 55k early protein translated 
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1,,1l vilro from /\<l2 car- ly m-RNJ\ (Lewis ct a l., ]976) could b L11c 55k 
protein coval ntly attached to the ends of adenovirus DNA (Rekosh et al . 3 
1977) . 
T!Jc, c1nss or ' cc1i:-ly ' t mper~turc sensitive mutants o[ J\clS, epito-
mi s d by J\dS ts 36, has been mapped at the extreme left end of the Ad5 DNA 
g 'll -tic m·1p (Willic1ms e t al ., 1974). Physjrc1l mapping techniques locate 
the Ad5 ts36 g ne within the left hand 30 per cent (Sambrook et al., 1975). 
Expcrlmc' nl s Lo lo·~1Lc Lhc muU1lion morl' ;H·cur;1lcly arc in progress. The 
Ad5 ts36 mutant fails to transform non-permissive rat cells at the 
restrictive temperature, whereas it tr ansforms the same cells with the 
same frequency as wild type Ad.5 at the permissive temperature (Williams 
et al ., 1974). Cells transformed by AdS ts36 at the permissive temperature, 
maintain the transformed phenotype when shifted to high temperature 
(Willic1ms ct al ., ]974). The J\<lS ts36 gene product thus appcnrs to be 
n ccssary [or the establi s hment and not for the maintenance of the 
transformc<l state . The Acl5 ts36 gene product(s) is necessary also for 
lnlLlaLlon of viral DNA repJication, as previously mcnt.Loncd. 
A<l<lltional evidence that tlte a<lenovlrus transforming gene(s) lies to 
Llic lei L parl uJ L11c IJNJ\ map ls given by Ll1e Ac.15 liosl range (hr) mutanls 
(Harrison e t al ., 1977; Graham e t al ., 1978). These mutants do not 
replicate efficiently in human cell lines, such as KB or HeLa cells, but 
grow efficiently in embryonic human kidney (llEK) cells transformed by AdS. 
Transformation of HEK cells, normally permissive to Ad5, is achieved by 
exposinh the cells to sheared Ad5 DNA (Graham et al ., 1977). The hr 
mutants isolated to date fall into two complementation groups (I and II). 
Both groups of mutants are defective in transformation (Graham et al., 
1978). Group I hr mutants are able to initiate abnormal transformation 
of rat embryo kidney cells , while group II mutants cannot initiate 
transformation at all. Complementation and recombination experiments 
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between th i\dS hr mutants and the 'early' i\dS ts mutants indicate that 
their respective mutations are in distinct cistrons all residing near 
the left end of the AdS DA map . The group I hr mutation appears to map 
within or cJose to the extreme left hand 4.4 percent, while group II hr 
mutnUons li' withLn th 25 percent Jeft ncJ o[ J\dS DNA at a position not 
ye 1 ocn tcd mor xnctly (r.r<1lwm et al., 1978). 
Virus specific nuclear and polysomal RNA have been isolated from 
(. ( . I I ! ; I r ; I 11 ! : r () r Ill( • d h y 11 d ( I I 1() V j r I I ! I ( I ! : ( C n I ( I I l r I (T 7 . , I C) 7 () ) . TI l( I ! ', ( \ 1 H' H 
transcribed in transformed cells correspond to the genes transcribed 
early in productive infection (Green et al ., 1970; Bachenheimer and 
Darnell, 1976; Chinnandurai et al ., 1976; Ortin et al., 1976). Late 
viral genes are not transcribed in transformed cells. Large RNA molecules 
containing both cellular and viral sequences have been isolated from 
nucl l of c1Jcnovlrus transformed cells (Tscui et al ., 1972; Wall et al ., 
1973). 
Adenovirus DNA sequences persisting in transformed cells have been 
detected directly either by DNA-DNL\ reanncaling kinetics (Gelb ct al ., 
1971) or by DNL\-RNA hybridisation (Westphal and Dulbecco, 1968) as 
previously described. Green e t al . (1970) found that rat cells trans-
1ormec1 by Ad2 and hamster cells transformed by AJ12 or Ad7, contained 
multiple copies of viral DNA. These estimates of the amounts of viral 
DA were obtained by RNA-DNA hybridisation experiments. Pettersson and 
Sambrook (1973) found that, when the DNA-DNA reannealing kinetic technique 
was used, only one copy of Ad2 DNA per diploid amount of cell DNA was 
detected in Ad2 transformed rat cells . 
By the use of restriction endonuclease cleavage products of viral 
DA as probes in DNA-DNA reannealing kinetics it has been shown that 
several lines of rat cells transformed by Ad2 and Ad.5 contain several 
copies of fragments of the viral DNA , ranging from about 10 to 90 percent 
o[ Lh gcnom (Gallimore et al., 1974; Sharp e t al . , 1974). All cell 
lines contained DNA sequences from the left end 14 percent of the 
adenovirus DNA molecules and in sev ral cases they were the only viral 
69 
DA sequences present (Gallimore et al., 1974). In agreement with these 
findings, the viral m-RNA sequences from these Ad2 and Ad5 transformed 
rat cells were shown to be transcribed only from the viral DNA sequences 
which are expressed in the early phase of Ad5 infection (Sharp et al., 
197L,; Fl int et al., 1976) . Once c1p,nin it is confi.rmect th;:1t the left end 
of the Ad2 and Ad5 genomes is necessary and can be sufficient to establish 
transformation . 
On the other hand, rat cells transformed by the mutant Ad5 tsl25 
at the non-permiss · ve temperature appear to contain multiple copies of 
the whole Ad5 genome (Mayer and Ginsberg, 1977) . Ad5 tsl25 transforms 
rnl cl'lls ;1l LliC' 11<>11-pC'rrnisi-dvL' Lc1 11qH•r;1t11rC' willt lrC'q11v1H'Y fnr hj~hcr 
than Acl5 wild type virus. The frequency of transformation by Ad5 tsl25 
at th,1t temperature is comparable to that by the ' highly' oncogenic Ml2 
(Williams et al . , ]974) . It is interesting in tilLs respect that most 
lic1mster eel.Ls transformed by Ml2 contain viral DNA sequences accounting 
[or 90 to 100 p rcent o[ the viral genome (Fanning and Doerfler, 1976; 
Green et al ., 1976) . 
Viral DNA sequences have also been detected in cells transformed 
by non-human adenoviruses. In hamster cells transformed by the avian 
adenovirus CELO , viral DNA sequences homologous to part of the viral DNA 
were found (Bellett, 1975 ; May et al., 1975) . 
Two cell lines derived from CELO virus-induced hepatonus and one 
from transform d hamster skin contained viral DNA sequences accounting 
for only a portion of the CELO virus DNA as detected by reannealing 
kinetics with reslriction fragments of CELO virus DNA (May et al., 1975; 
May et al . , 1978) . Two transformed cell lines contained copies of most 
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of the viral genome, while the other lacked more than 50 percent of the 
viral sequences . Though a complete map of CELO virus DNA is not yet 
available, the DNA end fra gments have been identified, after Ec oRI 
cleavage of the CELO virus DNA-ter~inal protein circular complex and 
s pa ration of the fragments by gel electrophoresis (Robinson et al., 1973). 
6 
It was therefore possible to establish that a 5 . 7 x 10 m.wt. fragment 
from one end of CELO virus DNA was missing in the hepatoma cell line that 
w~s T .1nt"igc11 nC' i;ntive, hut was present i_n the two cell lines thc1t were 
T antigen positive . Possible implications of these results will be 
discussed in the following chapter . 
A number of lines of evidence suggest that viral DNA is covalently 
linked to , i . e ., integrated into , cellula r DNA i n adenovirus transformed 
cells . The first indirect evidence for this was the reported isolation 
from Ad2 and Ad7 infected cells of RNA molecules which contained 
covalently joined viral and cellular RNA sequences (Tseui et al. , 1972; 
Wall et al ., 1973) . It was suggested t ha t these RNA molecules might have 
arisen from continuous transcription of integrated viral and contiguous 
cell DNA sequences . Bell2tt (1975 ) and Green et al . (1976) reported the 
covalent int gration of adenovirus DNA in hamster cells transformed by 
CELO virus and Adl2 respectively . In both cases the network technique 
(Varmus et al ., 1973) was used and it appeared that all the viral DNA in 
the transformed cells was present exclusively in an integrated form. 
If the integration of viral DNA into cellular DNA is a result of 
early virus-cell interactions, this can best be investigated during 
abortive infection by adenovirus of cells susceptible to transformation. 
Hamster (BllK) cells abortively infected by Adl2 have been extensively 
characteris d (Strohl et al ., 1968; Strohl, 1969a; 1969b). Doerfler 
(1968) investigated the fate of Adl2 DNA in BHK21 cells at various times 
after infection with 3H-thymidine (dThd) labelled Adl2 virus . Prior to 
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inf c tion, the c l]s h ad been grown i n the pr sence of BUdR in order to 
increase the d ensi ty of the cellular DNA. The fa t e of the viral DNA 
3 
could th n be monitored by the distribution of 11 labe] between the 'heavy' 
ccJlu]ar and the ' li ght' viral peaks in CsCl density gradients. At early 
times after infection all the 3H label has the density of virion Adl2 
DNA. At late times (from 16 h post infection onward) an increas ing amount 
of 3H labe l was found associated with ' heavy ' cellular DNA both in neutral 
,111d nllc1lj11' CsCl. Upon so nl c~1Llon th e l;1hcl shifted ton density 
positlon intermediate between those of cellular and viral DNA. These 
results were interpreted as evidence for covalent integration between viral 
and cellular DNAs . 
However, these experiments did not rigorously exclude the possibility 
that tritiated degradation products of viral DNA could have been 
incorporated inlo cellular DNA and be thus mlslntcrpreted as lntegrate<l 
viral DNA sequences . That this was indeed the case was demonstrated by 
the experiments of zur Hausen and Sokol (1969). Their results demonstrated 
Lk.1L ln Nll-2 lwrn:; Lc1~ cells Ln[c c Lc cl wltli 311-<lTl1cl -/\c.112 vjrus, n Ruhstnntia] 
proportion of the input virus is degraded within 24 h and that 3H-labelled 
degradation pro<luc ts are lncorporat e <l into rcpllcatlng cellular DNA. 
How vcr, Lhey <lid not exclude the posslbllily that a fraction of the 
311 
counts associated with the cell DNA truly represented integrated 
3H-Adl2 
DNA sequences . 
Further experiments were therefore necessary to assess the nature of 
th association of 3H label with cellular DNA in hamster cells infected 
with 3H-Adl2 virus (Doerfler, 1970) . To avoid the incorporation of 
degradation products of 3H-Adl2 DNA into replicating cellular DNA, DNA 
synthesis was inhibited by the addition of cytosine arabinoside from 2 h 
before to 44 h after infection . The inhibition of cellular DNA synthesis 
did not impair the association of 3H label with cellular DNA fractionated 
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on alkaline CsCl density gradients~ In addition, the 3H label in 
cellular DNA hybridised predominantly with viral DNA and to a lesser 
extent with cellular DNA. These experiments provided some evidence that 
Adl2 DNA integrates, although some degradation and incorporation of viral 
nucleotides into cellular DNA might occur . This would affect quanti-
tation of the amount of viral DNA integrated calculated from the specific 
activity of the DNA of 3H-Adl2 input virus. It was calculated in this 
wc1y th£1t, 28 to 53 h post infection, 20 to 444 genome equivalents of 
Adl2 DNA per cell persisted, of which as many as 67 percent were inte-
grated into cellular DNA. At later times in infection, the fraction of 
viral DNA linked to cellular DNA increased. 
However, later experiments on the same system (Doerfler and Fanning, 
1976) corrected the values reported above of the viral DNA persisting in 
hamster cells abortively infected by Adl2. The amount of persisting viral 
DNA was quantitated by DNA-DNA re annealing kinetics. It appeared to be 
independent of the multiplicity of infection used and to decrease steadily 
at times after infection until it stabilised after 48 hat approximately 
four genome equivalents of viral DNA per cell. This amount is far lower 
than that previously estimated (Doerfler, 1970). These results are also 
in contradiction with the previous ones which suggested that more viral 
DNA was integrated at late times in Adl2 abortively infected hamster cells. 
It appears therefore that the increased amounts of 3H label associated 
with cell DNA were due to incorporation into replicating cellular DNA of 
3H products derived from degradation of 3H-labelled virus. 
The finding that integration of adenovirus DNA occurs in abortively 
infected cells and that viral DNA sequences are integrated in transformed 
cells, raised the possibility that integration might be an early event in 
any infection with adenovirus , independent of the ultimate outcome of the 
inf ction . Int gration during productive infection by adenovirus would 
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provid a convenient system for s tudying the mechanic s of inte gration. 
The molecular events and genetic functions of adenoviruses are well 
enough characterised during lytic infection to allow an investigation of 
which viral function(s) , if any, are required for integration. 
On the other hand, investigations on the integration of adenovirus 
DNA in prcxlu tively infected cells are complicated , as in the case of the 
papovaviruscs, by the presence within the cells of large amounts of newly 
rc.'p li cnLC'cl virnl DNA. This is difficult to rC'movC' comrletcly from nny 
preparation of infected cell DNA before assaying for integrated viral DNA, 
and the contamination with free viral DNA must be estimated. Fortunately, 
high molecular weight, intracellular replicative forms of viral DNA, like 
those described for SV40, do not seem to occur during adenovirus DNA 
replication (Horwitz, 1971; Bellett and Younghusband 1972; Sussenbach and 
v~:m <lcr Vliet, 1972; Pearson , 1975; Stll]mo.n and Bc]]ett, 1977) and are 
therefore most unlikely to contaminate cellular DNA. 
Investigations on the intracellular forms of viral DNA in human KB 
cells prcxluctively infected with i\.cl2 led to the detection of at least 
four size classes of newly synthesised DNA sedimenting in alkaline sucrose 
c.1L ,.. 1oos~ 50-90S , 34S (viral) and <20S (Burlingham and Doerfler, 1971; 
Burg r ancl Doerfler, 1974; Doerfler et al ., 197.4; Schick et al ., 1976; 
Fanning and Doerfler, 1977). These DNA species were detected by labelling 
Ad2 infected cells with 3H-thymidine ( 3H-dThd) for two or more hours. 
They all appeared to contain some viral DNA sequences, as judged by 
hybridisation experiments. The 50-90S DNA species showed properties 
intermediate between those of cellular and viral DNA (Doerfler et al., 
1974; Schick et al ., 1976). Thus it is likely that some viral DNA is 
integrated in cellular DNA during lytic infection. From 2000 to 7000 
copi s of Ad2 DNA per cell were detected at late times of infection 
associated with the 50-90S DNA (Doerfler et al ., 1974). The number of 
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copies of viral DA integrated per cell might have been overestimated, 
since no account was taken for contaminating free viral DNA. Indeed, 
when the 50-90S DNA was cleaved with restriction endonucleases, viral 
DA fragments identical to those generated by restriction endonuclease 
cleavage of virion DNA were obtained, togetlter with viral DNA fragments 
of new sizes presumably derived from covalently linked cell and viral 
DA . Most likely sorre contaminating free viral DNA produced the fragments 
identical to those produced by restriction cleavage of virion Ad2 DNA. 
On the whole , the restriction endonuclease digestion pattern of the viral 
DA suggested that Ad2 DNA may be integrated in fragments rather than as 
in intact molecules in the cellular DNA (Baczko et al., 1978) . · 
These experiments, though providing some evidence that integration 
of viral DNA occurs during productive infection , are subject to two types 
of criticisms: (1) The labelled high molecular weight DNA may be mostly 
cellular . This is supported by the fact that no one has detected pulse-
labelled replicative adenovirus DNA sedimenting faster than virion DNA 
in alkaline sucrose gradients (Horwitz , 1971; Pearson and Hanawalt, 1971; 
Sussenbach and van der Vliet, 1972; Bellett and Younghusband, 1972; 
Pettersson , 1973; Pearson, 1975; Stillman and Bellett, 1977). The 50-90S 
and 100S DNA species were also found in uninfected cells, and hybridised 
extensively to cellular DNA; and (2) the experiments cannot provide a 
reliable quantitative estimate of the integrated viral DNA using 
reannealing kinetics, since the amount of contamination by free viral 
DA was not measured and allowed for . Thus, there is some evidence that 
integration occurs in productively infected cells as well as in cells 
abortively infected by adenovirus, and it appears to be a fairly common 
event. However, the present data do not allow any further conclusions. 
Viral or cellular D A replication are not prerequisites for int·e-
gration (Doerfler, 1970) . Integration of viral DA is very unlikely to 
be a prerequisite for viral DNA replication since more viral DNA is 
integrated at late times in lytically infected cells (Doerfler et al., 
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1974 ; Fanning and Doerfler , 1976). This fact suggests also that the 
increased amount of integrated viral DNA at late times in infection, when 
large quantities of free viral DNA are present , might be due to an 
increased chance of recombination between viral and cellular DNA . Again 
it can be suggested , as it was for th e papovaviruses , that this extensive 
integration of viral DNA into cellular DNA during lytic infection might 
contribute to cell death . It is interesting in this respect that infection 
of most species of cells with adenoviruses causes extensive chromosomal 
damage to the cell , leading to eventual cell death (Stich and Yohn , 1967; 
1970 ; Strohl , 1969a; 1969b ; 1973; zur Hausen , 1973) . Random and extensive 
integration of the viral DNA into the cellular chromosome might be 
responsible for the irreversible chromosomal aberrations in the host cell. 
CONCLUSIONS 
The biological significance of th e integration of viral DNA into the 
host cell chromosome is at present practically unknown . The best understood 
case of integration of viral DNA is represented by the lysogenic bacterio-
phages . These code for gene products which are required for integration, 
which occurs in some cases by a highly specific recombinational system. 
In the best described case of A, an equally efficient system for excision 
of th integrated viral DNA is also encoded in the A genome. This seems 
Lu sugg·sl Lk1L lnlc.'fratlon Ji;1s ;:1 clcfinllc role Ln the llfc cycle of the 
virus . However, integration does not conform to the same model in all 
bacteriophages . Mu differs from A with respect to the lack of specificity 
in the sites of integration on the bacterial chromosome and to an increased 
rate of integration following prophage induction . In other words, 
integration of Mu DNA and lytic replication of Mu are not mutually 
exclusive , as they are with A. The presence of cellular DNA sequences 
at the ends of Mu DNA has indeed suggested that virion DNA arises from 
excision of viral DNA from covalently joined cellular DNAs. 
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The significance of integration during lysogeny is a function of the 
significance of lysogeny itself . This can be viewed as the result of an 
evolutionary relationship between phages and bacteria, since it depends, 
in most cas s , on homology between regions of viral and cellular DNA. 
Probably lysogeny assumes significance in relation to its survival value 
for the virus. Integration of the viral DNA in the cellular DNA and 
the subsequent synchronous replication of viral and cellular genomes 
r present an extreme form of parasitic adaptation. As previously dis-
cussed , lysogeny via integration, adds new genetic information to the 
bact rial chromosome and can induce stable and inheritable changes in the 
lysogenised cell . These properties of the lysogenised cells can be 
compared to those of cells transformed by animal viruses. 
Among animal viruses, integration of viral DNA in RNA tumour virus 
infected cells appears to have distinct functions, different from those 
exerted by integration of viral DNA in DNA tumour virus infected cells. 
This stems from essential differences in the nature and biology of the 
two types of viruses . In RNA tumour virus infected cells, integration 
of the pr oviral DNA is an essential prerequisite for virus replication 
and cell transformation, which can occur concomitantly in the same cell. 
RNA tumour viruses can therefore induce tumours in their natural hosts, 
or transform cells derived from their natural hosts without killing such 
cells . 
Integration of the DNA provirus into the host cell chromosome can 
account for the stable inheritance of the transformed state and the 
genetic transmission of RNA tumour viruses . It is possible that a specific 
viral coded integration mechanism is necessary to preserve the specific 
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functions of the integrated provirus . The data available suggests that 
the RNA tumour virus genome can circularise and integrates at a specific 
site on the proviral DNA . 
It is difficult on the other hand to attribute any specific function 
to the integration of viral DNA in cells infected by most DNA tumour 
viruses. Integration occurs during both lytic and abortive infection and 
the DNA in transformed cells is integrated . It appears to be random, with 
no spccifi ity for the sites of integration either on the host or the 
viral genome. 
Integration per se appears thus to be the result of an active 
recombinational system in the infected cell. All DNA tumour viruses 
ind uce chromosomal aberrations and extensive damage to the cells they 
infect . These might at least in part be the result of extensive 
integration into the cellular DNJ\. which could therefore contribute to 
death of the cell during lytic or abortive infection. 
With regard to the relation between integration of viral DNA and 
virus induced cell transformcltion, there is no proof for a causal 
relationship between them, but only circumstantial evidence for their 
association . The isolation of revertants from cells transformed by DNA 
tumour viruses, which still contain integrated viral DNA sequences 
indicates that integration per se does not induce transformation. 
Integration of viral sequences in host regulatory genes may induce 
irreversible mutations in the host chromosome, as occurs with Mu . 
However, since viral functions appear to be necessary for the establish-
ment and/or the maintenance of transformation, it may simply be that 
integration of the viral genes involved is necessary for their persistence 
and continuous expression in the transformed cell . 

Chapter 2 
THE INTEGRATION OF CELO VIRUS DNA 
DURING LYTIC INFECTION 
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INTRODUCTION 
Chlckcn embryo lethal orphan (CELO) vlrus ls an adcnovlrus often 
found ln chlcken eggs and causes an inappD.rc11t lnfectlon ln chlckens 
(Yates et al ., 1960) . The virus grows productively and to high yields in 
primary cultures of chicken embryo kidney (CEK) cells (Younghusband and 
Bellett , 1971; Bellett and Younghusband , 1972). The genome of CELO virus 
is a linear molecule of double stranded DNA, with an average molecular 
weight of 28 x 10 6 (Laver et al., 1971; Younghusband and Bellett, 1971; 
Robinson et al ., 1973). When extracted from purified virions by methods 
excluding the use of proteolytic enzymes , the CELO virus chromosome is 
released as a circular DNA protein complex (Robinson et al ., 1973). 
Circularisation of the molecule is achieved by a protein that links the 
ends of the DNA molecule as described for other adenoviruses (Robinson 
and Bellett, 1974; Rekosh et al ., 1977). The structure and the replication 
o[ CELO virus DNA have been extensively investigated (Younghusband and 
Bellett, 1971; Bellett and Younghusband, 1972). Mature CELO virus DNA 
consists of a unique rather than a permuted collection of linear molecules. 
These molecules lack both exposed single stranded complementary ends and 
duplex terminal repetitions. However, an inverted terminal repetition, 
about 110 nucleotides long, is at the ends of the duplex DNA molecule 
(Robinson and Bellett, 1975). All these features of the CELO virus DNA 
molecule are consistent with those described for human adenovirus sero-
Lypcs (Garon c l al ., 1972; WoJ[son ancJ Dressler, 1972; Robinson et al., 
197 3) . 
The replication of CELO virus DNA is semiconservative and occurs via 
li1w.:ir in term 'dL.1tes (13e1lett c1nd Younghusband , ]972). Replicating CELO 
vlrus DNA contains extensive single stranded regions . In a]kaline sucrose 
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gradients the growing strands of the virus DNA sediment more slowly than 
those of mature DA , and labelled parental DNA sediments with virion DNA. 
Th sc results e]iminate modes oE replication involving continuous 
concatemcrs or .the addition of n w material to parental strands, as in the 
rolling circle model . No evid e nc e for clos ed circular structures of CELO 
virus DNA has b een found (Bellett and Younghusband, 1972). Similar results 
have been obtained in many laboratories with human adenoviruses (Horwitz, 
197L; Pc ,..1rso 11 .111d Il .111,1walt, ]97]; Sussc11hacli c111<l v<111 d('r Vljct, 1972; 
Pettersson , 1973; Pearson, 1975). Th ese data cannot exclude the 
existence in adenovirus infected cells of concatemeric forms of replicating 
DNA containing single stranded interruptions. However, with our present 
knowledge of adenovirus DNA structure, it is difficult to envisage how 
these forms could be generated . 
A genetic or phy s ical map of CELO virus DNJ\ is not yet available . 
Ishibashi and Ito (1971) isolated 49 temperature sensitive mutants of 
CELO virus which were assigned to five groups (not complementation groups) 
on the basis of tlte distributi on of capsid antigens in the cell as 
detected by immunof luorescence. In this way mutants of CELO virus with 
anomalous transport of viral structural antigens could be detected. One 
mutant, ts22 from group V produced no viral antigens , and no viral DNA 
synthesis seemed to occur in the infected cell at the non-permissive 
temperature. Viral DNA synthesis was detected in cells infected with 
mutants f rom other groups . It is therefore possible that the ts22 mutant 
of CELO virus represents an ' early ' DNA negative mutant. 
These mutants could be useful for investigations of the CELO virus 
coded functions during infec tion and for the id en tification of the viral 
polypeptides. Very recently Yasue and Ishibashi (1977) reported that at 
least 23 polypeptides are induced by CELO virus in productively infected 
cells , eight of which are synthesised ' early ' in the presence of AraC. 
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CELO virus is oncogenic . It induces tumours in hamsters (Sarma et 
al., 1965; Mancini et al. , 1969; Mancini et al ., 1970; Stenbach et al ., 
1973) and transforms human (Anderson et al ., 1969a) and hamster cells in 
culture (Anderson et al ., 1969b). CELO virus transformed hamster cell 
lines have also been derived from CELO virus induced hamster tumours 
(Stenback et al ., 1973). Like other adenovirus transformed cells , CELO 
virus transforIT.ed cells do not produce virus (Potter and Oxford, 1969; 
Sc hLl<l c t al ., ]970). The CELO virus specific T c1ntigcn is however 
detected in only some CELO virus induced tumour cells, and in in vitro 
established CELO virus transformed cell lines (Potter and Oxford, 1969; 
Jones et al., 1970; Schild et al., 1970; May et al., 1978). CELO virus 
T antigen does not cross react with T antigens produced by adenoviruses 
of other species (Potter and Oxford, 1969; Schild et al ., 1970). 
CELO virus transformccl cells contain virus specific DNA sequences 
(Bellett, 1975). In vitro CELO virus transformed hamster skin (THS) 
cells contain DNA sequences homologous to most of the CELO virus DNA 
molecule. Investigations with EcoRI restriction cn<lonuclcase fragments 
of CELO virus DNA detected six of the seven fragments in these cells 
(May et al ., 1975) . The missing fragment, of molecular weight (m. wt.) 
2 x 10 6 represents one end of the CELO virus DNA molecule (Robinson et 
al ., 1973). The other EcoRI r estriction fragments of CELO virus DNA 
were present in approximate equimolar amounts (3.5 equivalents per 
diploid amount of cell DNA), with the exception of the EcoRI A fragment, 
which was under-represented. The THS cells were T antigen positive. 
Interestingly, a T antigen negative transformed cell line derived 
from a CELO virus induced hepatoma , lacks the viral DNA sequences 
homologous to the 5.7 x 10 6 m. wt. EcoRI B fragment of CELO virus DNA, 
which corresponds to the opposite end of the CELO virus DNA molecule to 
that missing in THS (T antigen+) cells (May et al ., 1978). 
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In ~noth 'r line of CELO virus incl 1cecJ hamster hepatoma cc] ls, which are 
T antigen positive, copies of most of the viral genome were present (May 
et al ., 1978) in luding the terminal fragment present in TIIS cells (May 
cl✓ al ., 197 5). Tl1csl' rcsu 1 Ls sut_;gcst L h;1t tile gen' r or the CELO virus T 
an tig n li s within 20 percent (5. 7 x 10 6 ) of one end of the DNA. However, 
since the T antigen negative hepatoma cell line is transformed and 
tumorigenic, integration and expression of this portion of the DNA is not 
aJways rcqulrc<l Lo 111,1i11Lal11 Lile ,1ILcrccl cell plic'110typ "'\ . Tlils is consistent 
wilh the fact that most CEL0 virus induced tumours are T antigen negative 
(Jones et al ., 1970). 
In the THS CEL0 virus transformed cells described above, the viral 
DNA sequences are integrated into the cellular DNA (Bellett, 1975). DNA-
DNA reannealing kinetics with the whole CEL0 virus DNA as probe showed 
that viral sequences were covalently associated with 'networks ' of cellular 
DNA (Varmus, 1973) . An improvement in the original 'network' method 
allowed an exact quantitation of the integrated viral DNA. It was calcu-
lated that 2 . 5 equivalents of CEL0 virus DNA per transformed cell were 
lnt grated and these accounted for the total amount of viral DNA present 
in the trans[ormc<l cell . 
CEL0 virus therefore resembles the human oncogenic adenoviruses 
including its capacity to integrate its genome into the cellular 
chromosome . The presence of viral DNA sequences exclusively integrated 
in the host chromosome appears to be a stable property of adenovirus 
transformed cells (Bellett, 1975; Green et al., 1976). However, the 
fact that in cells abortively infected with adenovirus (Doerfler, 1968; 
1970; Fanning and Doerfler, 1976) integrated viral DNA appears to be 
present in many copies per cell on average, while very few cells will 
becom transformed, makes it unlikely that the frequency of integration 
alone determines the frequency of transformation . In this respect, 
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investigations designed to defin which viral DA sequences are integrated 
and how spc if ic arc th sit s of recombination on both cellular and viral 
g nom s should b inf ormatlvc . J\noLl1cr appr-ocJ ch is to [ind out whether 
integration is a general phenomenon in a<lenovirus infected cells, which 
occurs in any type of infection irrespective of the outcome of the 
infection itself . 
In this chapter , experiments on the integration of CELO virus DNA 
111 proJuctiv,l_y infc·tc..~<l CELO virus cells will be rcporlc<l. The inte-
gration of human Ad2 DNA in productively infected KB cells has been 
studied by others (Burger and Doerfler, 1974; Fanning and Doerfler, 1976; 
Schick et al., 1976; Baczko et al., 1978). As described previously, as 
many as 2000 to 7000 copies of viral DNA per cell were found by 
reassociation kinetics in a fast sedimenting zone (SOS to 90S) in alkaline 
sucros gradients after 311-dThd labelling of J\<l2 infected KJ3 cells 
(Burger and Doerfler, 1974; Fanning and Doerfler, 1976; Schick et al., 
1976) . This high molecular weight DNA form appeared very early in 
infection when newly synthesised virion size J\d2 DNA (34S) was not yet 
detected . As early as 5 h post infection 1000-3000 copies per cell of 
viral DNA were associated with the 50-90S DNA. Radioactivity associated 
with this zone appears to be mainly due to replicating cellular DNA since 
it sediments more slowly than the bulk of cell DNA, but appears in the 
main cell DNA peak after a ' chase' . It is also found in uninfected cells, 
its rate of reassociation is increased by cellular DNA, and it reassociates 
with kinetics similar to those of eukaryotic DNA. However, this radio-
active DNA has a density between that of viral and cellular DNA and con-
tains some sequences that hybridise with viral DA (Doerfler et al . , 1974; 
Schick et al ., 1976; Baczko et al ., 1978) . This DNA species is not due 
to fast sedimenting viral DNA replicative intermediates (Horwitz, 1971; 
Pearson and Hanawalt, 1971; Bellett and Younghusband, 1972; Sussenbach 
83 
and van der Vliet, 1972; Pearson, 1975 ; Pettersson , 1976, Stillman and 
Bell tt, 1977) . It seems likely that some of th e viral DNA detected in 
this zone by r ossoc i .::1tion kinetics is integrated, since its restriction 
p;_1LL rn i.lpparc ntly differs from th;1t of virion DNJ\. (Schick et al ., 1976; 
Baczko et al . , 1978). Thus these r eports provide some evidence for 
integration of viral DNA during lytic infection . 
However , the large amount of free progeny viral DNA is difficult to 
remove complcLcly from a ny prepar..1tion of infected cell DNJ\. before assaying 
for integrated viral DNA , and the remaining contamination with free viral 
DNA should have been estimated . Such experiments can also be complicated 
by the possible existence of forms of replicating viral DNA that sediments 
with cell DNA in alkaline sucrose gradients . Fortunately these do not 
seem to occur in CELO virus or other adenovirus infections (Horwitz , 1971; 
Parson and Hanawalt, 1971; Bellett and Younghusband, 1972; Sussenbach 
and van der Vliet , 1972 ; Pearson , 1975 ; Pettersson , 1976; Stillman et al., 
1977) . In a previous study of CELO virus DNA replication in productively 
infected CEK cells , no labelled parental viral DNA could be detected 
associated with cell DNA nor did any newly synthesised viral DNA (labelled 
in a pulse of 1 h or less) sediment faster than free viral DNA in alkaline 
sucrose gradients as in the Ad2 infected KB cells (Bellett and Younghusband, 
1972) . Other more sensitive methods for detecting the presence of 
integra ted CELO virus DNA in the DNA of productively infect ed CEK cells 
were therefore developed and are described in the following results section. 
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EX11 ERlME 'l S AND KESU LIS 
TllE INTEGRATION OF CELO VIRUS DNA DURING LYTIC INFECTION 
CELO virus replicates in primary CEK cells cultures and produces 
large amounts of intracellular viral DNA from 16 to 40 h post infection 
(Younghusband and Bellett, 1971). If integration is a general recombin-
ational event in the adenovirus infected cell, it will occur more often 
and ther efore be more easily detected when large amounts of viral DNA are 
present. For this reason a late time in infection (36 h) was first chosen 
for the present investigation. Of course, the large quantity of 
intracellular viral DNA present at that time post infection has to be 
removed from the preparation of infected cell DNA before assaying for 
integrated viral DNA, and the remaining contamination with free viral DNA 
must be estimated . Three different methods were used to separate the 
cell DNA from the free viral DNA. These depend on several differences 
between the viral and cellular DNA molecules, such as molecular weight, 
buoyant density, and sequence reiteration. The use of these three methods 
also ov rcomes the problem of the possible existence of yet undetected 
forms o[ free viral DNA behaving differently from the virion DNA. Cell 
DNA purifie:i by these methods was tested for viral DNA sequences by 
reannealing kinetics. In each case uninfected cells plus a known amount 
of free viral DNA were used as a control. 
Limitations of the Network Technique 
The network method (Varmus et al. , 1973) gives more conclusive 
evidence than most other methods for integration of viral DNA, because it 
depends on repeated sequences in cell DNA as well as on the difference in 
molecular weight between cell and viral DNA. The method has been used to 
demonstrate covalent integration of adenovirus DNA in transformed cells 
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(B llett, 1975; Green et al ., 1976) . However when network analysis of 
integration of viral DA was attempted using total DNA prepared from cells 
late in pr ductive infection, pelleting of free viral DNA with the cell 
DNA network o curred . This was probably clue to aggregation of viral DNA 
by imperfect annealing at high concentration. To investigate the 
conditions under which this artefact occurred 
32 P-CEL0 virus DNA was 
denatured when mixed with either unlabelled CEL0 virus DNA or calf thymus 
DNA ut various conccntr;-itions, ;m_n .-ilcc.l for 2 h .1t 68°C ln 0.6 M N.1C] (the 
usual conditions for network formation) , centrifuged at 140,000g for 
15 min, and the 32P in the network and supernatant fractions was counted. 
When 32P-CEL0 virus DNA alone (30 ng/ml) was treated in this way, about 
32 5 percent of the P was pelleted. This increased gradually with 
increasing concentrations of calf thymus DNA to about 15 percent of the 
32 P in the network at 80 µg/ml calf thymus DNA (Figure 4), while 60 percent 
to 70 percent of the calf thymus DNA was in the network pellet based on 
optical density measurements. This distribution of viral and cellular DNA 
was similar to that found previously with mixtures of CEL0 virus DNA and 
BllK cell D A (Bellett, 1975) . However, when unlabelled viral DNA was 
added to 32P-viral DNA to give concentrations above 1 µg/ml, the amount of 
32 
P that sedimented into the network pellet increased dramatically to 
reach about 90 percent at 10 µg/ml (Figure 4). This did not occur when 
the same concentrations of native DNA or denatured DNA were added to the 
sample without annealing . To test whether the effect was due to annealing 
viral DNA at high concentration or to annealing to high Cot values, 
32P-
CEL0 virus DNA was treated by the network procedure as above with 11 µ g/ml 
32 
unlabelled viral DNA and 80 percent of the P pelleted . However, when 
the concentration of viral Dr A was reduced tenfold and the annealing time 
increased tenfold to give the same Cot value , only 18 percent of the 
32P 
pelleted , compared with a background value of 5 percent. This suggests 
that the artefact is mainly due to annealing viral DNA at high concentrations. 
FIGURE 4: Contamination of DNA network pellets with 
viral DNA 
Contamination of the n etwork pel1et with 32 P-CELO 
virus DNA (30 ng/ml) was measured after denaturation, 
annealing for 2 hat 68°C and centrifugation at 140,000 g 
for 15 min in the presence of increasing concentrations 
of unlabelled CELO virus DNA (e e) or calf thymus DNA 
(o---o). Results shown combine those from four separate 
experiments . 
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The <la a ·n fi g ur e 4 su gges t s Lhat the ne twork me thod i s r e liable 
blow O. J µ g /ml o[ fre e viral DA and possibly up to 0.4 µ g /rnl. Previous 
experiments with transforme d c 11 DNA (Be lle tt, 1975) were we ll within 
thes J imi ts . Be cau s e of this limitation I was forced to use other 
methods to study integration of viral DNA in prcxluctively infected cells, 
exc pt under sp e cial circumstance s such as when DNA negative mutants of 
adenovirus were studied, or the cell DNA was separated from most of the 
free viral DNA by sedime ntation in alkaline sucrose gradients before 
network analysis. 
Velocity Sedimentation in Alkaline Sucrose Gradients 
The analysis of DNA by sedimentation in alkaline sucrose gradients 
after lysis of the cells ~n situ on top of the gradient was originally 
described by McCc1th and Wi]liams (1966). This method relies only on 
DNA molecular weight and allows the preparation of alkali-stable high-
molecular weight DNA, free of protein and RNA. When this method. was 
aprlied to DNA from CELO virus infected cells , 50 percent to 70 percent 
o[ the lolal cell DNi\ sedimented a s a main pe:ik wllh a sedimentation 
coefficient o[ 96S (corresponding to a nominal molecu]ar weight of 
2 . 8 x 10 8) (Studier, 1965; figure 5) . Contamination of the main cell DNA 
peak by free viral DNA was not detectable when 
32
P-viral DNA was added 
before centrifugation . As a more sensitive control, purified unlabelled 
CELO virus DNA was added to uninfected cells before lysis in an amount 
qual to , or greater than, the amount of viral DNA expected in infected 
cells . 
The gradients from either infected or uninfe cted cells were sub-
divided int_o pools , and the amount of viral DNA in each pool was estimated 
by reannealing kinetics (Figure 6 and Table 1) . Viral DNA corresponding 
to 905 copies per diploid amount of cell DNA was found specifically 
FlCURE 5: Alkaline sucrose gradients o[ CEK cell DNA 
[ram (A) infected and (B) uninfected cells 
Sedimentation is from right to left. CEK cells 
were prelabelled with 
3
1-I-dThd prior to infection; 
(@---@): 3H-cell DNA; (•---•): 32 P-CELO virus DN~ 
added as sed imen ta tion marker. 
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FIGURE 6: Reannealing kinetics of 
32
P-CEL0 virus DNA (17 ng/ml) in the 
was 
'resence of cell DNA isolated from alkaline sucrose gradients 
similar to those 
The gradients.,/shown in Figure 51 were subdivided into pools and each 
tested by reannealing kinetics for viral DNA sequences. 32 P-CEL0 DNA plus 
DNJ\ from cc:ich pooJ was sonicatc.d, denatured c1nd reannealc.d c'.lt 68°C in 
l M NaCl. Samples were removed at intervals, diluted tenfold in 0.14 M 
phosphate buffer pH 6.8, 0.4 percent SDS, and the fraction ·of 32 P-DNL\. 
that remained single-stranded was determined by chromatography on hydroxyl-
apatite at 60°C . The reciprocal of the single-stranded fraction, Co/C, 
was plotted against time. Linear regression lines were calculated by the 
least squares method. (A) Reannealing kinetics of 32 P-CEL0 virus DNA in 
the presence· of sonicated calf thymus DNA alone 0 and of sonicated calf 
Lhymus DNJ\ plus DNA fro111 rn1ln[l'cll'd cells (Flgurc SB) ; pooJ J-JJ .... ; 
pool 14-28 }f.; 29-38 Q; pool 39-46~1\ known amount of un] abc.J led CEL0 
virus DNA (~4 µg/60 mm petri dish of CEK cells) was added to uninfected 
cells prior to lysis and processing. (B) Reannealing kinetics of 32 P-CEL0 
virus DNA in the presence of sonicated calf thymus DNA a 1 one 0, and of 
su111c1t:e<l Gd[ Lliymus DNJ\ plus DNL\ from CELO virus infected cells (Figure 
SJ\); pool J-1 .l"Y; poo( 14-22 ~; pool 23-28 }f--; poo] 29-380; pooJ 
39-46 ...._ . · In each reannealing the same amount of sonicated calf thymus 
DNA was also present. 
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TABLE 1: Quantitative analysis of viral D~IA associated with cell DNA 
after alkaline sucrose gradient sedimentation 
CEK cells, prelabelled with 
3H-dThd, were infected with CEL0 virus at a 
multiplicity of infection of 22 to 23 i . v./cell and incubated at 36°C for 36 h. 
Cells were then lysed in 0.3 N Na0H - 0.5 percent SDS and centrifuged on 
gradients similar to those shown 
alkaline sucrose gradients. The fraction numbers re f er to/Figures 5 and 6. 
pools were processed as described and the recovery of DNA in each pool was 
in 
DNA 
u onitored by the recovery of 3H counts. Each DNA pool was then tested for viral 
DNA by rE:annealing kinetics: the amounts of viral DNA calculated by reannealing 
k inetics were corrected for recovery of 3H counts. The number of copies per cell 
represents the number of viral DNA equivalents per diploid amount of cell DNA, 
assuming that CEL0 virus DNA has a molecular weight of 29 x 10 6 and the diploid 
amount of DNA in CEK cells is 2 . 45 x 10- 6 µg. 
As control for contamination of cell D)IA by free viral DNA a known amount of 
unlabelled viral DNA was added to 
3H-labelled, uninfected CEK cells which were then 
processed as the CEL0 virus infected cells . The fractions corresponding to viral 
and cellular DNA peaks were collected as with infected cells, and then tested for 
viral sequences by reannealing kinetics . In the table, the amount of viral DNA 
found in the uninfected cell gradient was normalised to the same total as that 
from infected cells for a direct comparison. Integrated viral DNA= (fractions 
1 to 28 infected) - (fractions 1 to 28 control, uninfected) = 1.07 µg (19.4 per-
cent)= 905 copies per cell . 
For method of calcula-tion of viral DNA in copies per cell 
and example see pl26a 
FRACTIONS 
(BOTTOM TO TOP) 
1-13 
14-22 ~ 
23-28 ~ 
29-38 
39-46 
TABLE 1 
QUANTITATIVE AN/1.LYSIS OF VIP.AL DN/1. ASSOCIATED ~IITH CELL 
DNA AFTER ALKALINE SUCROSE GRADIENT SEDI~ENTATION 
CELL DNA 
(%) 
15.1 
45.8 
25,l 
14,0 
i-tG OF VIRAL DNA 
UNINFECTED CELLS 
PLUS VIRAL DNA 
0.06 
0.09 
2.12 
3.24 
INFECTED CELLS AT 
36 H POST INFECTI O 
0.16 
o. 66 l 1.06 
0.40 
3.20 
1.09 
87 
n!·socL1Lcd wi tli Ll1e ce ll Dl A from infected ce1 I s . This r epresents 19. 4 
perce nt o[ th t otal viral DNA after correction for contamination by f r ee 
viral DNA, which was only 2. 4 percent in the contr ol experimen t. This 
control account s only for contamination by mature free viral DNA . However, 
like other adenoviruses , CELO virus DNA has inverted t e rminal repeated 
s qucnc es , without cohesive ends or terminal direct repeats that would 
allow formation of concatemers or circles (Younghusband and Bellett, 1971; 
Robinson ;_1nc.l 13eJ lcL L, 1975). No r c plicaLlvc [ orms of CELO DNA Lllat 
sediment faster than the parental strands could be detected in pulse-
labelled DNA from infected CEK cells (Bellett and Younghusband, 1972). 
Recent experiments on the replication of adenovirus DNA have failed to 
find cross-linked replicative intermediates expected from a hairpin 
primed mechanism of replication of the 5 ' ends of adenovirus DNA 
(Stillman et al., 1977). It is therefore unlikely that the viral DNA 
found associated with cell DNA by sedimentation in alkaline sucrose 
represents an undetected form of free viral DNA. 
Network Technique 
In order to test the reliability of sedimentation in alkaline 
sucrose gradients as a method of separation of cell DNA and integrated 
viral DNA from free viral DNA, we further analysed DNA prepared from 
infected cells on alkaline sucrose gradients by the network technique. 
However, 60-90 percent of added 32P-viral DNA pelleted with the network 
fraction of the main cell DNA pe ak from alkaline sucrose gradients of 
infected cells, compared with 20 percent in th e presence of DNA from 
uninfect ed ce lls . This could be due to annealing of 32P-viral DNA to 
int egrated viral DNA , to the artefact caused by high concentration of 
total viral DNA described abov e , or both. The total concentration of 
TABLE 2~ The effect of network purification on the distribution of 
viral D~A fron alkaline sucrose gradients 
3 CEK cells, prelabelled with H-dThd, were infected with 1 i.u. of 
CELO virus per cell and incubated at 37°C for 36 h . Cells were then 
lysed, centrifuged on alkaline sucrose gradients, aad processed as 
described. 3H-DXA from the cell peak was tested by reannealing 
kinetics for viral D~A and has been corrected for contamination with 
free viral D~A found in the control gradient after normalization. The 
3
H-DNA fr om the infected cell peak i;,.,-as then analyzed by the network 
method. 
Network and supernatant fractions were assayed for viral DNA by 
reannealing kinetics, and the amount of integrated viral DNA was calcu-
lated as described in the text. Co?ies per cell represent viral D~A 
equivalents ?er diploid amount of cell DNA. 
For method of calculation of viral DNA in copies per cell 
and example see pl26a 
TABLE 2 
THE EFFECT OF NETwORK PURIFICATION ON THE DISTRIBUTION OF VIRAL DNA FROM 
ALKALINE SUCROSE GRADIENTS, 
SAMPLE AMOUNT OF VIRAL DNA 
VIRAL PEAK CELL PEAK 
Uin NFECTED CELLS 
INFECTED CELLS 
(36H P, 1, ) 
INFECTED CELLS 
CORRECTED VALUE 
i~ETWORK PURIFICATIO~l OF CELL 
PEAK FROM INFECTED CELLS. 
( ~G) 
5,88 
5,6 
5,8 
(µG) (COPIES/CELL) 
0,16 
0.44 904 
0.28 SQn (.) ..J 
0,243 503 
88 
v r l Dt A wos ca] cula ted t o Le s LiJ l more tl1an 1 ]Jg/ml in these experi-
m nt s , which is outside the limits within which t he method is reliable. 
3 To overcome tliis problem av ry snw]l amount o[ ll-l;ibclled infected 
c 11 DNA (frrnn c1l lw lin c sucrose gr.1di nts) w.1s diluted wLt h DNA from 
u11infcc tcd c , 1 l s in order to hc1v tot.'.ll c1mou11ts of both viral .'.l nd ce ll 
D1/\ s uLtahle for n twork c1nalys1s. 311-];1.hclled DNA [rom infected ce lls 
was added at a final concentration of 6 to 8 ]Jg /ml (70 n g of viral DNA 
pl'r m I) Lo ~1bm1L JOO jlg of 1) 1 /\ [)l' l" 1111 cxLr..1c Led from u11 l11 fee Led cc lls. 
~[ter sedimentation ln alkaline sucrose and correction for con-
tamlnation by free viral DNA , 0.28 ]Jg of viral DNA was found assoc iated 
with cell Dr A from 7 x 10 6 cells . This DNA was then analysed by the 
network method. Most (82 percent) of the \1-labelled cell DNJ\ and 
36 percent of th 32 added free P-labelled CELO virus DNA sedimented with 
L11e u11l ·1bcll c d cl'LI DIA ne Lw ork aILcr JenaLurat.Lun i..llld <.1nnci..1JLn~ . The 
network and supernatant fractions were then tested for viral DNA 
sequences, and the results were analysed quantitatively using an 
equation th a t corrects for shearing o[ cell DNA and for trapping of 
Ir e viral DNA in the n e tworks (I3 e llett , 1975). Of the viral DNA 
(0 . 28 µg) ori6 lnally assoc i a t e d with cell DNA in alkaline sucrose , 87 
p rcent (0.24 ]Jg) was found to be specifically associated with the cell 
DA by network analysis (Table 2). This suggests that the viral DNA 
associated with cell DNA in alkaline sucrose is integrated. 
CsCl Buoyant Density Gradients 
To further exclude the presence of as yet undetected concatemeric 
or circular replicating forms of viral Dl A th a t c ould sediment with cell 
DtA in alkaline sucrose gradients, the cell DNA was separated from the 
viral DNA by buoyant density sedimentation . The cell DNA was prelabelled 
with 2- 3H-adenosine and BUdR to give a better separation of free viral 
FIGURE 7: Neutral and alkaline CsCl gradients of the total intracellular 
DNA from CELO virus infected cells and from uninfected cells 
CEK cells were prelabelled with BUdR and [ 3H]2-Adenosine. At the 
time of infection the cells were thoroughly washed to remove 
3H-Adenosine and BUdR and fresh medium containing 10-SH thymidine was 
added. The cells were lysed at 36 h p.i., total intracellular DNA was 
extracted and centrifuged on CsCl gradients. A known amount (see Table 3) 
of unlabelled CELO virus DNA was added to the uninfected CEK cells prior 
1 · 3 · 32 to ysis. H adenosine A-----• P viral DNA • ---• 
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TABLE 3: Distribution of intracellular viral DNA in CsCl gradients 
CEK cells were prelabelled with 3H- adencsine and BUdR; at the 
time of infection with CELO virus, cells were ·h1 ashed thoroughly and 
fresh medium containing 10-i M thymidine was added. At 36 µ post 
infection, cells were lysed and the total intracellular DNA was 
extracted as described in the text . This was centrifuged on CsCl 
gradients , and the cell and the viral peaks were pooled and tested 
for viral DNA bv reann ealing kinetics . The amount of vir al DNA 
found associa t ed wi t h the infected- cell DNA was corrected for con-
tamination with free viral DNA as found in the cont r ol (uninfected -
ce l l DNA pl us added CELO virus DNA) . 
For method of calculation of viral DNA in copies per cell 
and e xample see pl26a 
TABLE 3 
DISTRIBUTION OF INTRACELLULAR VIRAL DNA IN CsCL GRADIENTS 
SAMPLE 
UNINFECTED CELLS PLUS 
VIRAL DNA 
INFECTED CELLS AT 36 H 
POST INFECTION 
INFECTED CELLS 
(CORRECTED VALUE) 
VIRAL DNA 
NEUTRAL CsCL 
VIRAL PEAK 
(µG) 
4.97 
4.70 
4.70 
CELL PEAK 
µG co·PIES/CELL 
0 
0.27 
0.27 993 
ALKALINE CsCL 
VIRAL PEAK CELL PEAK 
(µG) µG COPIES/CELL 
4.44 0.04 
4.20 0.28 
4.24 0.24 1) 087 
Dii\ fr om cell Dl L\ . The ce 11 DI L\ had a density of be tween 1. 87 and 
1 . 84 g/rnl (very clos to the bottom o[ the gr adient ) in alkaline CsCl 
and IJ •Lwcen J . 7 7 and 1. 7 6 g/ml in neutraJ CsCl (Figure 7) . 
The cells were washed and cho.nged to norma l medium without -BUdR 
nnd containing ,o-s M cl Thd at th time of 
infection. Incorporation of 
311-labcllc<l nuclcoLl<les into viral Dt /\ occurred pr obably because all 
nucleotide pools were labelled during preincubation in 
3H-adenosine. 
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!low •vet: L11 , l <1G ,J lL·d vlr c1l DN/\ wc1 s of llgliL dc11s lLy uc Ct.1u s c lL sccJl111enLcd 
32 
togeLllcr wlth the P-labelled viral DNL\ marker of density 1.713 g/ml, 
showing that BUdR in cell DNA was not reutilised . 
3 The peak of H-
labelled virion DNA did not occur when 3H-BUdR was used to prelabel the 
cell DNA . The distribution of viral Di~A between the cell and the viral 
peaks was determined by reassociation kinetics. Again, uninfected cell 
DNL\ with added unlabelled CELO virus DNA was used as a control . Table 3 
shows that only 0 . 8 percent of th e CELO virus DNA added to the control 
contaminated the cell DNA in the alkaline CsCl gradients, and none 
could be detected in neutral CsCl . From 993 to 1,087 copies of viral 
D~A per cell were associated with the cell DNA after correction for 
contaminating free viral DNA. This value is very close to and confirms 
the result found by alkaline sedimentation (905 copies per cell) in 
previous experiments using a similar multiplicity of infection (Table 1) . 
Time Course of Integration of GELO virus DNA in Infected Cells 
The time course of the integration of GELO virus DNA into CEK cell 
DA was investigated in r elation to the replication of GELO virus DNA . 
GELO virus-infec ted CEK cells were lysed and sedimented on alkaline 
sucrose gradients at different times post infection. As a zero time 
sample the CEK cells were allowed to adsorb the virus inoculum for 2 h 
and then lysed . Contamination of the cellular DNA by free viral DNA 
TABLE 4: Time of integration of CELO virus DNA into CEK DNA 
CELO virus infected CEK cells were lysed and sedimented on 
alkaline sucrose gradients at different times post infection. The 
cell and the viral peaks were each collected and tested by reannealing 
kinetics for viral D~;A . As control for contamination of cell DNA by 
free viral DNA a known aQount of unlabelled viral D~A was added to 
uninfected CEK cells which were then processed as CELO virus infected 
cells . The fr2.ctions corresponding to viral and cellular D;\"A peaks 
were collected as with infected cells , and then tested for viral 
sequences by reannealing kinetics. In the table , the amount of viral 
DNA found in the uninfected cells gradient was normalized to the same 
total as that fro::i. infected cells for a direct comparison . To est i -
mate the amount of viral DNA integrated (c) , viral D~A in the cell 
peak has been corrected for con t amination with f r ee vi r al D~A ca lcu-
lated f r om t he cont r ol gr adient af t e r n or ma lizati on. 
For method of calculation of viral DNA in copies per cell 
and example see pl26a 
TABLE 4 
TIME OF INTEGRATION OF CELO VIRUS DNA INTO CEK DNA 
TIME 
(H P,I,) 
0 
10 
18 
24 
36 
CONTROL 
TOTAL VIRAL DNA 
EQUIVALENTS 
0.1 X 10 10 
0.4 X 10 10 
0.8 X 1010 
2.1 X 1010 
7.0 X 1010 
7.0 X 1010 
a UNDETECTABLE 
b INFECTED CELL VALUE - CONTROL 
TOTAL VIRAL DNA SEDIMENTING 
WITH CELL DNA (FR 2-28) IN 
ALKALINE SUCROSE (COPIES/CELL) 
44 
U.D 
343 
706 
1014 
64 
INTEGRATED VIRALb 
DNA (COPIES/CELL) 
U.Da 
U.D 
279 
646 
950 
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wos ngain estimnt d by the addition of virion CELO virus DNA to 
un · nr c ted CEK eel ls, which were then processccl as were the CELO virus-
inf cc ed ells . The cell and the viral Di A peaks from the alkaline 
sucrose grc7d icnts we're then anc7lysccl hy DNA-DNA rcnnnc.:1 I ing ldnc'tics to 
qunnlil~ll' vi.rnl DNA . 
Int gr.:ition of CELO virus DNA into CEK DNA w.:1s not detcctecl until 
18 h post infection and its rate increased with tl1e increase in the 
:111101111l of vii-:1 I l)NJ\ !,ynlli 's[:;cd (T:1blt 1 /1) . AILl1ot1l'.,ll cu11:-;LdL1 1".:1bll' ._1mo1111L8 
of viral DNJ\. were present ln the cells at 0 time and at 10 h post 
infection , none of this DNA or an amount below control values , was 
associated with the cell DNA purified by sedimentation in alkaline 
sucrose gradients . This further confirms that sedimentation of infected 
cell DNA in alkaline sucrose gradients is an adequate method for removing 
free viral DrA from cellular DNA . 
DISCUSSION OF RESULTS 
The results of the experiments reported in this chapter give evidence 
that some adenovirus DNi\. associates with the host DNA during productive 
in[ ction . 111rec major problems arise in interpreting these experiments 
as evidence for int gra t ion of viral DNA during productive infec t ion . 
There is a large amount of intracellular free viral DNA, and there could 
possibly be as yet unde t ected fast sedimenting replicative forms of viral 
DNA . Both of these viral species are potential contaminants of the cell 
D1 A. The third problem is that added free viral DNA is not a completely 
satisfactory control for noncovalent entanglement of cell and intra-
c llular viral DNA . Such an artefact has not been observed, but cannot 
b rjgorously excluded . To take account of these problems, the cell DNA 
was sepc.lrat d from the viral DA in CELO virus infected cells by three 
methods that rely on independent physical and chemical properties of the 
DNA . 
S dimcntatlon in alkaline sucrose gradients separates cell from 
viral D A on the basis of th e difference in th eir molecular weigh t. 
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Wlicn CEf.0 vin1s lnfcc l cd cc 1 ls were l yst'd wi Lli O. lM NnOI I - 0.5 percent 
SDS and L11 c r ,1c,1s ·cl DNJ\ was ccn Lri fuge<l on suc h gra<l i ents , the cell 
DNA sedimented as a main peak at 98S. Contamination of the cell DNA 
with free viral DNA of ma ture length du e to trapping a nd sedimentation 
artefacts, was estimated from a control in which unlabelled CELO virus 
DNJ\ w,1s addl:d Lo unlu( 'c l cd ccl]s bl'forc lysls au<l cculri[ug,1Llon. The 
infe cted cell DNA t es t ed by DNA-DNA reannealing kinetics contained, 
after corr ction for free viral DNA contamination , 500 to 1,000 viral 
DNA equivalents per diploid amount of cell DNA. The cell DNA isolated 
from alkaline sucrose gradien ts was further fractionated by the network 
technique, which distinguishes th e cell DlA from the viral DNA on the 
basis of highly repeated sequences in the high molecular weight cell 
DNA . Again, the same number of viral DNA equivalents per diploid amount 
of cell DNA was found associated with the cell DNA which entered the 
network. Cell and viral DNA from infected cells were also separated on 
the basis of the ir different buoyant densities in neutral and alkaline 
CsCl gr a dients after the cell DNA had been pre labelled with BUdR. Again 
the same type of control was used and showed that contamination of cell 
DNA by th e added free viral DNA was less than 1 perce nt. The cell DNA 
was again found to contain about 1,000 viral DNA equivalents per diploid 
amount of cell DNA when tested by DNA-D NA reannealing kinetics . 
Because the control tha t we used for all three methods was the 
addition of free viral DNA, we cannot be absolutely sure that the associ-
ation between cell DNA and viral DNA that we observe is not due to some 
·unexp ec t ed, n onspecif ic trappin g peculiar to intracellular viral DNA. 
However , parental DNA present after adsorption of virus and viral DNA 
synthesised at 10 h post infection was not detected in the cellular peak 
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(Table 4) . This indicates that non-integrated intracellular viral DNA 
does not contaminate cellular DNA by nonspecific trapping to any greater 
extent than add d free viral DNA. Moreover, the qualitative and 
quantitative agreement of the results obtained by three independent 
m hoJs leads us to conclude that the viral DNA associated with cell DNA 
from CELO virus infected cells is due to integration into the cell DNA 
and not to a hypothetical nonspecific entanglement . 
WLth Lli rcscrvc.1tion mention cl c.1bovc c.1ncl in the introduction to 
this chapter, these results confirm the major conclusion of previous 
workers (Doerfler et al . , 1974; Schick et al . , 1976 ; Baczko et al . , 1978) 
that integration of viral DNA into cell DNA occurs in prcxiuctively 
infected cells as well as in cells abortively infected or transformed by 
adenovirus , and suggest that integration of viral DNA is a fairly connnon 
V nt . 
There is no evidence however, that integration is required for viral 
replication . The results from the time course experiment of integration 
suggest that integration becomes significant (at lc.:ist within our limits 
of detection) only when high amounts of newly replicated viral DNA are 
present and mostly late in infection, when the rate of viral DNA 
replication is decreasing. 
Chapter 3 
THE INTEGRATION OF THE DNA OF AdS ts 125 AND AdS ts 36 
DURING PRODUCTIVE OR ABORTIVE INFECTION 
INTRODUCTION 
Adenovirus type 5 (AdS) is a 'non oncogenic' human adenovirus 
(group C). It does not induce tumours in animals, unless they are 
irnrnunosuppressed, but transforms non-permissive or semi-permissive 
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cells in culture (Freeman et al ., ·1976; McAllister et al., 1969). Ad5 
replicates proouctively in human cells, such as KB, HEK, and HeLa cells. 
The st~uctural properties and the mechanism of replication of Ad5 DNA 
(molecular weight 23 x 10 6 ) have been described previously and are 
similar to those reported for CELO virus. 
Physical and genetic maps of Ad5 DNA have been constructed (Mulder 
et al ., 1974; Grodzicker et al., 1974; Williams et al., 1974; Figure 3). 
Some temperature sensitive mutants of Ad5 have proved to be very useful 
in the identification of viral cooed functions involved in adenovirus 
DNA replication and adenovirus induced cell transformation. These 
mutants are DNA negative, i . e . , they cannot replicate their DNA in 
restrictive conditions (39-40°C), though they produce normal amounts of 
viral DNA in permissive conditions (32-33°C). They are defective in early 
function (s) necessary for the initiation of viral DNA replication. The 
DNA negative ts mutants of Ad5 (Ad5 ts) fall into two complementation 
groups , represented by AdS tsl25 (Ensinger and Ginsberg, 1972) and AdS 
ts36 (Williams et al ., 1974). Ad5 ts36 and AdS tsl25 thus define two 
distinct viral functions in the initiation of viral DNA replication. 
The ts36 mutation has been mapped within the le£ t 30 percent end of the 
AdS DNA molecule (Sambrook, 1974), while the tsl25 mutation has been 
localised to the right of centre on the Ad.5 DNA molecule, between 
positions 60 and 66 on the DNA physical map (Lewis et al ., 1975). Some 
of the general properties of these two types of mutants have been 
previously described, but they will be more extensively discussed here. 
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Th e /\<l S Ls l 25 ge n e p r od uct is a 72K pr o t ei n wh ich h i nd s speci f i cally 
to s in g l , s tr ,md cd DNA (v a n d e r Vl i e t and Le v i ne , ]97 3) a nd i s thermo-
Jabi I , f o r co nLJ nuo11 s b incl i n g t o si ng ] ' Rtr rn1cl , c1 D /\ (T.c v l nc ct al ., 197 4 ; 
van <l •r V l Lc L cl al. , J97 5 ). Th e 72K pr o Lci n l s pr odu ced i n h igh con-
centr a ti on dur·ng l y ti c i n fec t ion ( Le vine et a l., 1974), whi ch s u gges ts 
LlwL i mi ght ha ve a s t ochi o mc tri c r c1 thc r th ,m a c 0t .:i lyti c fun c tion. Th e 
72K prot e in is also pr oduced in those Ad2 transformed cells which contain 
Lliat portion of Lhc <.1<lcnovlrus ge nome whlcli co<lc s f o r th e protein 
(Levinson et al . , 1976). AdS tsl25 mutant di s plays a rapid shut-off in 
viral DNA systhesis upon a shift from the permissive to the non-permissive 
temperature . This shut-off is most likely caused by a block in the 
initiation of n e w rounds of replication since the growth of nascent chains 
is not inhibited (Ginsberg e t al., 1974 ; van der Vliet and Sussenbach, 
1975) . On the oth er hand, antibody to the purifi ed DNA binding protein 
inhibited chain elongation of viral DNA molecules in isolated nuclei (van 
der Vliet et al . , 1977). A possible explanation of these apparently contra-
dictory r e sults might be that the DNA binding prote in is required for both 
initiation and c hain elongation, but that th e tsl25 mutation inactivates 
on 1 y th e fir s t f u n c t i on . 
Ad2 DNA replicative intermediates have bee n isolated as nucleoprotein 
complexes, and visualised under electron microscope. The single stranded 
regions of the molecules appeared coated with the 72K DNA binding protein 
(Kedinger et al., 1978) . The 72K protein seems thus directly implicated 
in ad novirus DNA r e plica tion, with a fun c tion as ye t unknown. Recent 
inve stigations on the relative abundancie s of early viral m-RNA in cells 
infec t e d with AdS tsl25 su ggested that the 72K prot e in might have a 
regulatory function in the expression of the early viral genes (Carter and 
B 1 ant on , 19 7 8) . 
95 
The AdS t s36 gene product has not been identified. Replication of 
viral DNA in Ad5 ts36 cells decreases over a period of 4-6 h after a 
s hift to tl1 e r estrict ive temperature (L vine et al ., 1974; van der Vliet 
a nd Sussenbach, 1975). The defect again appears to be in initiation of 
new rounds of DNA r eplicati on . 
Both Ad5 t s36 and tsl25 have altered cell transforming capacity, as 
compared to wild type AdS. AdS ts36 transforms rat cells with the same 
fr qu n y as wild type virus a t the permissive temperature, but is trans-
formation negative at the non-permissive temperature (Williams et al., 
1974). Cells transformed by Ad5 ts36 at the permissive temperature main-
tain their transformed phenotype when shifted to the restrictive tempera-
ture (Williams et al., 1974). This implies that the Ad5 ts36 gene 
product is necessary for the initiation, but not for the maintenance, of 
tran sformation. Ad5 t sl25 transforms rat cells with an increased 
frequency , as compared to wild type AdS, at both temperatures (Williams 
et al., 1974; Ginsberg et al., 1974). 
Rat cells transformed by group C adenovirus usually contain several 
copies of viral DNA sequences which represent only a portion of the viral 
genome (10-90 percent of the whole genome; Gallimore et al ., 1974; Sharp 
et al ., 1974; Flint et al ., 1976). All transformed cells contain at 
least the left 7 percent end of the viral genome, which has been shown to 
be required to establish transformation (Graham et al., 1974). On the 
other hand, hamster cells transformed by adenoviruses contain 90 to 100 
p ercen t of the viral genome (Fannin g and Doerfler, 1976; Green et al., 1976; 
one CELO line has less than this). A numb e r of lines of evidence suggest 
that the association between viral and cell DA in transformed cells is 
·covalent , as previously described (Bellett, 1975; Green et al ., 1976). 
Some lines of rat cells transformed by Ad5 tsl25 at permissive, 
restrictive and intermediate temperature have been examined for their 
content of viral DNA sequences (Mayer and Ginsberg, 1977). All the 
llindIII restriction endonuclease fragments of AdS DNA were represented 
in two cell lin s of rat cells transformed at the non-permissive 
t mp ratur (39.5°C) and the AdS DNA left-end fragments were slightly 
<2 fold) overrepresented as compared to the DNA right-end fragments. 
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ln some ll11's of , ,11s transformed by Au5 Ls.125 at Ll1c permissive 
temperature (32°C) the pattern of the viral DNA sequences was identical 
to that found in wild type AdS trans£ or med cells (at 36 °C) , and showed 
that some portion(s) of the viral DNA were absent or markedly under-
represented . 
Though not proved in the experiments reported, it was assumed that 
the sequences o[ viral DNA in the transformed cells were integrated. It 
was suggested that the increased sequence content of viral DNA, 
presumably integrated , in Ad5 tsl25 transformed cells at 39.5°C was 
correlated with the increased frequency of transformation shown by Ad5 
tsl25 (Mayer and Ginsberg, 1977) . This correlation does not hold, however, 
when the patterns of integration of wild type AdS DNA at 36°C and of AdS 
tsl25 DNA at 32°C are compared . These were almost identical, though the 
transforming frequency by AdS tsl25 is also higher than that of wild 
type virus at the permissive temperature . 
It appears therefore that: (1) Ad5 ts36 and AdS tsl25 mutants are 
defective in two distinct functions necessary for viral DNA replication, 
(2) the ts36 gene product is necessary for the establishment of trans-
formation and (3) the tsl25 gene product is not necessary to initiate 
transformation , but indirectly influences the frequency of transformation. 
AdS ts36 and tsl25 mutants are therefore convenient for investigating 
whether any relation exists between integration and replication of viral 
DNA, and between the frequency or sequence specificity of integration and 
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the fr quency of transformation by aclcnovirus as suggested by Mayer and 
Ginsberg (1977) . The r ela tionship between integration and adenovirus 
DNA r eplica ti on can be investigated by analysis of the viral DNA 
integrated into cellula r DNA during productive infection, in conditions 
which allow or inhibit the synthesis of the viral DNA (i.e., at the 
permissive and at the non-permissive temperature). The relationship 
between frequency and sequence specificity of integration and frequency 
of transformation can be studied in a simi lar way , but in an abortive 
cell system . 
Studies on cells abortively infected by DNA tumour viruses are of 
interest from two points of view . Since some of the survivors become 
transfor med, events durir"6 abortive infe ction ;nay be relevant to these 
processes. Also , late viral ftmcticns are usually not expressed in 
aborLively it1f{:·ctccl cells , aucl early vi ral 6 r...~r.es functions can be 
therefor e studied without complication by late viral gene expression. 
The best characterised system of abortive infection . by adenoviruses 
is represented by the Ml2-hams ter cells system (Strohl, 1969; Doerfler, 
1970). In hamster cells Adl2 does not replicate and some of the input 
viral DNA is integrated . Rat cells have often been used for transform-
ation experiments with Ad2 and Ad5. Rat cells are semipermissive for 
these viruses: up to 80 percent of the infected cells produce virion 
antigens, and up to 500 pfu/cell of infectious virus is produced. Most 
cells die, but transformed cells can arise among the survivors . Mouse 
cells have never been used for studies on abortive infection and cell 
transformation with adenoviruses . Experiments designed to characterise 
the response of mouse cells to infection with AdS (and other human and 
· non human adenovirus serotypes) h ave been done (Youn gh usband, Tyndall 
and Bellett , unpublished results). C57Black mouse cells , when infected 
with AdS (5 to 10 i .u./cell) produce not more than 0.1 i.u./cell of 
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infectious virus two days after infection . No infectious virus can be 
detected at 9 days after infection . However, viral DNA synthesis occurs 
in the Ad.5 infected mouse cells, as detected by analysis in CsCl 
quillbrium gradients . Viral D A synthesis is detected starting from 
about 30 h post infection and continues for several days . The mouse 
cells therefor offer a suitable system for investigating abortive 
infection by adenovirus . 
EXPERIMENTS AND RESULTS 
THE INTEGRATION OF THE DNA OF AdS t s36 AND AdS tsl25 
IN HUMAN EMBRYO KIDNEY CELLS (HEK) 
The integration of the DNA of AdS mutants ts36 and tsl25 was 
lnv 'sLi_g.1L ·d i11 pcr111i.:-;sive l1u111,1u e111i>ryo kld11l'y (111•:I<) ceJJs Lo delermlue 
wh ther viral DNA replication was required for integration . It was of 
lnt rest also to <le Lermine wheth er the t wo mutants differed in t h ei r 
capaclLy Lo ln LcgraLc their DNA ln pcrmlsslve cells , at tile non- pcrmlsslve 
t mpcratur . If either mutant were defective in integration i t wou ld 
implicate a viral gene in this process . 
Network Analysis of Viral DNA in HEK Cells 
infected with Ad5 ts36 and tsl25 
Because the amount of viral DNA in these experiments was very low , 
th network m thod was used . HEK monolayer cultures were inoculated with 
3-6 l . tt . /c 11 of MS ts125 or Ad5 ts36 an<l incubated at either 33°C or 
38 . 5°C for 2 h . Medium was then added and the cultures incubated for a 
[urther 16 h at the same temperature . D A was prepared from the cells 
and analysed by the network method . The total number of copies per cell 
of viral DA recovered after 18 hat the non-permissive temperature was 
TABLE 5: Network analvsis of viral D~A in HEK cells infected with 
AdS ts36 or tsl25 
HEK cells 1-.;ere infected with mutant virus and incubated for 18 h 
at the temperature shown. DNA was then extracted and analyzed by the 
network method. Trapping of free viral DNA in the network was 
measured (Bellett, 1975) by adding 32P-labelled AdS DNA to 5 ml of the 
sawple. 
MUTAr~T 
TS36 
(5,8 PFU/CELL) 
TS36 
(5,8 PFU/CELL) 
Tsl25 
(3 PFU/CELL) 
TABLE 5 
NETWORK ANALYSIS OF VIRAL DNA IN HEK CELLS INFECTED WITH An5 Ts 36 AND rsl25 
TEMPERATURE FRA CTION 
33,0° 
38,5° 
38,5° 
NETWORK 
SU PERi~ATANT 
TOTAL 
NETW ORK 
SUPtRNATANT 
TOTAL 
NET\·JORK 
SUPER[lATANT 
TUTAL 
CELL DNA ADDED 32P 
(MG) DNA 
6.4 
0 9 
7,3 
4,2 
3,2 
7,4 
5,7 
1.0 
6,7 
% 
10.1 
89,9 
6, b. 
93,4 
27.5 
72.5 
VIRAL DNA 
TOTAL STATE COPIES/CELL 
INTRACELLULAR 
(NG) 
408 
1)429 
1)837 
41 
163 
204 
31 
50 
81 
INTEGRATED 
FREE 
TOTAL 
INTEGRATED 
FREE 
TOTAL 
INTEGRATED 
FREE 
TOTAL 
6,7 
36,0 
42,7 
1.3 
3,4 
4,7 
0,4 
1,6 
2,0 
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less than Lh e input multipJicity wiLh both mutants (Tab]e 5), while the 
orresponding value for ts36 after 18 h at 33°C (equivalent to about 9 h 
at 38.5°C) was tenfold higher. In all experiments about 15 percent of 
the viral DNA was in the integrated state as judged by network analysis. 
However, the number of copies per cell integrated at the non-permissive 
temperature was lower because the viral DA had not replicated. Although 
the number of copies integrated is subject to quantitative errors of at 
least 10 p rccnt, the r es ults show th;_1t neiLhcr o[ the mutants is 
defective in integration of viral DNA . 
THE INTEGRATION OF THE DNA OF Ad5, Ad5 ts36 AND 
Ad5 tsl25 MUTANTS IN MOUSE CELLS 
In the previous chapter it was shown that sedimentation in alkaline 
sucrose gradients is an adequate method of separation of cell DNA plus 
integrated viral DNA from free viral DNA in adenovirus infected cells. 
The type of control used for estimating the contamination of the cell 
DNA by free viral DNA in adenovirus infected cells appeared to be 
sufficient since replicative viral DNA forms which sediment faster than 
t he strands of virion D~A have not been detected . This method was 
therefore us d to analyse the cell DNA from C57Black mouse cells (J . M.), 
infected with AdS or with its mutants ts36 and tsl25 . In each case, 
uninfected mouse cells plus a known amount of free viral DNA were used 
as a control . The cell DNA from both infected and uninfected cells was 
tested for viral DNA by reannealing kinetics. 
Analysis by Sedimentation in Alkaline Sucrose Gradients 
of Viral DNA in C57Black Mouse Cel~s infected with 
Ad5 Wild Type 
3H-dThd-labelled mouse cell monolayers (2/3 confluent) were 
inoculated with 10 i . u . /cell of Ad5 and incubated at 32 . 5 - 33°C for 
FlCURE 8: Alkaline sucrose gradients of mouse cell DNA f r om 
(A) infected and (B} uninfected cells 
Sedimentation is from right to left. Mouse cells were 
prelabelled uith 
3
H-dThd prior to infection; C•---C>) 3H-cell 
DNA; (• --- • ) 32 P-Ad5 DNA added as a sedimentation marker. 
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70-72 h. In some experiments cells were inoculated with 50 i.u . /cell 
of AdS and incubated at 39 . 9°C for 24 h . These conditions of infection 
were the sam as those used later when mouse cells were infected with 
AdS ts36 and tsl25. In this way it was possible to compare directly 
the results obtained with AdS, AdS ts36 and tsl25. At the desired time 
post inf ction, eel ls wer 1ysed and centr .Lfuged in alkaJine sucrose 
gradients as described before. The diploid amount of DNA in mouse 
ee l ls is c'.1pproximatcly f>.0 x J0- 6 pg, which is 2 .3 t-Lmes the diploid 
amount of DNA in CEK cells . Therefore, to reproduce the same optimal 
conditions of alkaline sucrose sedimentation used for CEL0 virus infected 
CEK cells, a maximum of 3 x 10 6 mouse cells were loaded onto each alkaline 
sucrose gradien t. Figure 8 illustrates the sedimentation pattern of AdS 
infected (A) and non infected (B) mouse cells. The mouse cell DNA peak 
sedimented approximately as fast as did the CEK cell DNA under the same 
conditions of centrifugation, but with a slightly broader peak. The 
32P-Ad5 DNA marker sedimented slower than CEL0 virus DNA, in agreement 
with the di£ fercnce in their molecular weights (23 x 10 6 and 28 x 10 6 
respectively). The very fast sedimenting cell DNA at the bottom of the 
gradient was reproducible and appeared in both infected and uninfected 
cells . It is not known what cellular DNA species it represents, but it 
does not trap any more free viral DNA than the main cell DNA peak, as 
detected by sedimentation of the 32P-viral DNA marker and by reannealing 
kinetics of AdS DNA . 
The gradient was usually divided into two pools : the cellular 
(fraction 1-30) and the viral (fractions 31 to the top). Each of them 
was processed as described previously and then tested for viral DNA by 
32 P- labelled Ad5 DNA reannealing kinetics (Figure 9) . In parallel 
experiments mock-infected mouse cells , to which a known amount of AdS DNA 
FIGURE 9: Reannealing kinetics of 32P-Ad5 DNA (1.6 ng) in the 
presence of Ad5 infected mouse cell DNA isolated f rom 
alkaline sucrose gradients 
Mouse cells were infected with AdS at a multiplicity of 
10 i.u./cell. After 72 hat 32 . 5°C the cells were lysed a s 
described and centrifuged on alkali ne sucrose gradients . Fractions 
1 to 30 and 31 to the top (Figure 8) were pooled and tested for 
viral sequences by reanne2ling kinetics . Reannealings were done as 
described in legend to Figure 6. The reannealings followed second 
order kinetics and linear regression lines were calculated by the 
least squares method. Reannealing kinetics of 32P-Ad5 DNA in the 
presence of calf thymus DNA only Q, calf thymus DNA plus 20 ng of 
unlabelled AdS DNA *, calf thymus DNA plus DNA from pool 1-30 0, 
calf thymus D~A plus DNA from pool 31 to the top *· 
1. 8 
1.7 
1.6 
1.5 
u 
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1i~1d be ' n c'.lddcd, wen_ processed <111<l an.:iJyscd jn L11 smno w,1y. VlraJ DNA 
·orr ·sporn.ll11g Lo 614 Lo 727 copies per dip]ol<l nmount of cell DNA was 
[oun<l specifically assocluLe<l wlLh eel LuL.1r Dt A (1. c. l11LegcnLe<l) ln 
ln [ 'cLcJ ,J l s (Table G). Tills r cprcsc nLs up Lo 10 perccnL of th total 
r 'C viral DNA, a[Ler cocr cllon for conL.1111inatlon by free vlr.:il DNA, 
wlilch ln <llffcrcnl conLrol cxpcrlmcnLs r~rngc<l beLwecn 1 . 8 percent and 
3 percent . No significant difference was found between the amount of 
viral DNJ\ producc<l and lnLegrate<l ln mouse cells lnf ccLc<l by A<l5 at 
32 . 5°C and 39 . 9°C under the conditions o[ infection uscrl. 
Analysis by Sedimentation in Alkaline Sucrose 
Gradients of Viral DNA in C57B]ack Mouse Cells 
infected with AdS ts36 and AdS tsl25 
3
n-labcJJed mouse eel] monolayers (2/3 confluent) were inoculated 
with 10 i . u . /cell of AdS ts36 or tsl25 for virus growth at 32.5 - 33°C, 
or with 50 i . u . /cell of the same mutants for virus growth at 39 . 9°C, the 
non-permissive temperature . A higher multiplicity of infection was 
used at 39 . 9°C in order to have detectable amounts of viral DNA in the 
cell DNA peak after fractionation on alkaline sucrose gradients . Cells 
were incubated at 32 . 5°C for 70-72 h or at 39 . 9°C for 24 h to allow for 
the different rates of DNA replication at the two temperatures . The 
cells were then lysed and sedimented in alkaline sucrose gradients as 
described . A maximum of 3 x 10 6 mouse cells were again loaded on each 
gradient. The sedimentation profiles of the cellular DNA from the 
infected and the mock infected cells were similar to those in Figure 8. 
The gradients were subdivided as before into a cellular (fraction 1-30) 
and a viral pool fraction (31 to the top). The same type of control for 
contamination of cell DNA by free viral DNA was used. 32 P-Ad5 DNA 
reannealing kinetics were used to estimate the amounts of viral DNA 
associated with the viral and the cell DNA. 
TABLE 6: Quantitative analysis of adenovirus DNA associated with infected mouse 
cell DNA after alkaline sucrose gradient sedimentation 
Mouse cells prelabelled with 3H-dThd were infected with wild type or mutant 
virus under the indicated conditions. Cells 
alkaline sucrose gradients, and processed as 
and viral (fractions 31 to the top 
were then lysed. centrifuged on 
in Fig. 8 
described. / Cellular (fractions 1-30 
peaks were tested for 
viral DNA by reannealing kinetics: the a • ounts of viral DNA calculated from 
reannealing kinetics were corrected for the recovery of 3H counts as described in 
legend to Table 1. The amount of viral D~A in the cell peak was corrected for 
contamination by free viral DNA as determined from control gradients. 
In control gradients a known amount of unlabelled AdS DNA was added to 
uninfected mouse cells , which were then lysed , centrifuged in alkaline sucrose 
gradients and processed as the infected cells . The fractions corresponding to 
viral and cellular DNA peaks were collected as with the infected cells , and then 
tested for v iral sequences by reannealing k inetics . Fr ee viral DNA contaminating 
the cell DNA accounted from 1.8 to 3 percent of the total viral DNA. 
The number of copies per cell represents the number of viral DNA equivalents 
per diploid amount of cell DNA, assuming that AdS DNA has a molecular weight of 
23 x 10 6 and the diploid amount of DNA in mouse cells is 6 x 10- 6 µg . In the 
table: viral DNA in cell peak (copies/cell)= integrated viral Dt~ = infected 
cell value-control. 
The amounts of viral DNA shown have been normalized to those obtained after 
infection of 2 x 10 6 mouse cells. For more accurate estimates of the viral DNA 
present in both viral and cellular peaks during infection by mutant virus at 39.9°C 
about 12 x 10 6 cells were actually infected. 
For method of calculation of viral DNA in copies per cell 
and ~mple see p 126a - , ------.-
TABLE 6 
QUANTITATIVE Ai~ALYSIS OF ADEnOVIRUS Df·lA ASSOCIATED \·!ITH ~OUSE CELL DNA AFTER ALKALI~lE 
SUCROSE GRADIEnT SEDH1ENTATION 
VIRUS CONDIT I O~·!S 
ADS l.·ff 10 ru/cELL) 72H P, r, 32.5°c 
ADS HT 50 r u/ c ELL) 2 4H P, r , 
39.9°C 
AD S rs36 10 ru/cELL) 70H P, r. 
32.5°c 
An5 rs36 50 ru/cELL) 24H P, I, 
39.9°( 
ADS rsl25 10 ru/cELL) 72H P, r, 
32.5°c 
ADS rsl25 50 ru/cELL) 24H P, r, 
39.9°( 
VI R.AL DNA 
IN VIRAL 
PEAK 
( µ G) 
1.75 
1.80 
2.30 
0.030 
0.050 
0.013 
"I RAL D~lA IN CELL Pt AK 
( µG) 
0.140 
0.180 
0.160 
0,004 
o.ooq 
0.0013 
COPIES/ 
CELL 
727 
614 
588 
15 
40 
g 
% OF VI RA L 
DNA IN 
CELL PE AK 
8 
10 
7 
13 
8 
10 
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Surprisingly, AdS tsl25 appeared to be d efective in DNA replication 
in mouse eel ls at 32 . 5 °C wh · le Ad.5 ts 36 DNA was pr cxl uced in ap proximately 
tile Sc'.Jme nmounl as Acl5 wild type DNA (Tc.1b l c G). /\dS t s125 grew to very 
liigli tll r s ln human llEK cells at 32 . 5°C , and AclS t sl2 5 DNA was 
efficiently replicated (about 4 µg/2 x 10 6 cells at 24 h post infection) 
in human KB cells at the same temperature . The amount of viral DNA 
produced in AdS ts36 infected mouse cells was almost 80 fold higher at 
32 . 5°C than at 39.9°C. There was only a 3-4 fold increase in the amount 
of viral DNA present at 32.5°C in Ad.5 tsl25 infected mouse cells (Table 6). 
However, both mutants integrated viral DNA to approximately the same 
extent at both temperatures. The percentage of viral DNA integrated into 
mouse cell DNA ranged from 7 percent at 32.5°C to 13 percent at 39 .9 °C 
for ts36, and from 8 percent at 32 . 5°C to 10 percent at 39.9°C for tsl25. 
Also the percentage of viral DNA integrated in AdS wild type infected 
mouse cells was between 8 percent and 10 percent . However, the number of 
copies per cell integrated was lower for both mutants at the non-
permissive temperature and for tsl25 at 32.5°C since the viral DNA was not 
replicated . These results indicate that neither mutant is defective in 
integration at either temperature during abortive infection of mouse cells . 
Analysis of Restriction Endonuclease Fragments 
of Ad5 DNA integrated in Nouse Cells infected with 
Ad5 Wild Type and AdS ts36 
The above experiments show that the percentage of viral DNA inte-
grated in mouse cells infected by the .AclS ts mutants at the non-permissive 
temperature is not very different from that found at the permissive 
temperature or that found for whild type AdS at either temperature. 
It appears that the failure of AdS ts36 to transform cells at the non-
permissive temperature is not due to a failure to integrate. However 
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it cannot b rul d out that at the permissive and at th non-permissive 
temperature th viral DA integrates with different patterns in mouse 
cells infected with AdS ts36. The left hand 7 percent of the AdS DNA, 
which contains the sequences necessary for cell transformation by AdS 
(Graham et al ., 1974) might be underrepresented, or absent among the 
viral DNA sequences integrated at the non-permissive temperature, with-
out this being detected by reannealing kinetics with whole 32 P-Ad5 DNA. 
The fallur of the left hand end of the AdS D A to integrate might be 
responsible for the inability of AdS ts36 to transform at 39.9°C. It 
was therefore important to determine whether all parts of the AdS DNA 
genome were equally represented among the viral sequences integrated 
in mouse cells infected with AdS ts36, at both permissive and non-
permissive temperature. The sequences of AdS DNA integrated in mouse 
cells infected with wild type AdS at 32 . 5°C and at 39.9°C were also 
analysed in the same way as a control for the results with ts36, and to 
test the suggestion of Mayer and Ginsberg (1977) that the AdS sequences 
integrated are restricted in cells infected by wlld type virus, but not 
in cells infected by tsl25 . 
(i) Analysis of Hpal restriction fragments of AdS DNA integrated 
in mouse cells infected with AdS wild type and MS ts36. 
32P-labelled AdS DNA of high specific activity was cleaved with 
restricti on endonuclease, Hpal. The DNA fragments were separated by 
electrophoresis on agarose gels (Figure 10) and purified as described 
32 in the Materials and Methods section . Each P-MS D A Hpal fragment 
was reannealed in the presence of cell DA purified by alkaline sucrose 
gradient sedimentation from mouse cells infected by MS ts36 at 32.5°C. 
The number of copies of each of the viral DA fragments was calculated 
as describ d by Gelb et al . (1971). A similar analysis using DNA from 
FIGURE 10: Gel electrophoresis of AdS DNA cleaved by restriction 
endonuclease HpaI or HindIII 
The upper part of the figure shows the HpaI (Mulder et al. , 197 4) 
and HindIII (Sambrook and Sussenbach, as reported by Mayer and Ginsberg, 
1977) restriction maps of AdS DNA. In the lower part of the figure, 
AdS DNA (1-2 µg) was cut with Hpal (a) or HindIII (b), and the result-
ing fragments were fractionated by electrophoresis on 0.8 percent 
agarose gels. The DNA fragments were visualised under ultraviolet (U.V.) 
illumination after staining with ethidium bromide ( a and b). For prep-
arative separation, 32P-Ad5 DNA (2-6 µg) was cleaved with HpaI or HindIII, 
and the bands were located and cut under U.V. illumination, after stain-
ing with ethidium bromide. The DNA bands could also be identified by 
autoradiography, after cleavage of DNA with llp;:iI (c) or llindIII (k). The 
separated fragments were eluted from the gel as described in Materials 
and Methods. Purity of the separated fragments was checked by gel 
eJcctrophorcsis and .:iutor.:1diogrc1phy. Lanes d to j show the purity of 
some of the lllndlll fragments of 32 P-Ad5 DNA, as obtained after they have 
been cut and eluted from the gel. The fragments sha✓ n arc: A(d), ll(e), 
C(f), D(r,), E(h), F(i), and G(j). When necessary, each DNA fr;i~ment was 
further purified by re-electrophoresis on agarose gels. 
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c lJs in[ cL d by ts36 at J9 .9° C was not possible because insufficient 
viral DNA was presen t. However, this was done in a later experiment 
using endonuclease Hind III (Table 4z), ) • 
104 
All the llpal fragments of AdS DNA wer e repres en ted in approximately 
equimolar amounts in cell DNA from mouse cells infected by AdS ts36 at 
32°C . The average numb er of copies of each fragment per cell was 670. 
This value was not significantly different from the number of viral DNA 
equivalents (588; Table 6) d e tected in the same cell DNA by reannealing 
kinetics with the whole AdS DNA . The amount of each AdS DNA Hpal 
fragment present in the viral DNA peak , as isolated from centrifugation 
in alkaline sucrose gradients of AdS ts36 infected cells at 32 . 5°C , was 
also estimated by reannealing kinetics . Since fragments of viral DNA 
shou ld be represented in equimolar amoun t s i n virion size DNA , 
reanne<.1J.ing kin 'Lies with th e fre e vira] DNJ\ produced during AdS ts36 
infection of mouse cells at 32 . 5°C , serves as an internal control . As 
expected , all fragments of viral DNA were present in approximately equal 
amounts , corresponding , on the average , to 8 . 14 x 10 1 copies of each 
fragment per 2 x 10 6 cells (Table 7A). 
32 Combinations of equimolar amounts of P-i\d.5 DNA llpal fragments , 
representing the left 24 percent (L) , the middle 60 percent (M) , and the 
r ight 14 percent (R) portions , respec t ively of the AdS DNA genome , were 
u sed as probes for reannealing kinetics in the presence of cell DNA 
p urified by alkaline sucrose sedimentation from mouse cells infected by 
AdS wild type at either 32 . 5°C or 39 . 9°C (Table 7B). All parts of the 
viral genome were present in the cell DNA from mouse cells infected by 
AdS at either temperature. The sequences mapping within the left 24 per-
cent end of AdS DNA appeared slightly overrepresented in the DNA of cells 
infected at 39 . 9°C, while the sequences mapping within the middle 60 per-
cent portion of AdS DNA ap pear ed slightly underrepresented in the DNA of 
TABLE 7: Quantitative analysis of Hpal restriction endonuclease 
fragments of Ad5 DNA associated with infected mouse cell 
DNA following alkaline sucrose gradient sedimentation 
Mouse cells , prelabelled with 3H-dThd, were infected by wild type 
or mutant virus under the indicated conditions. Cells were then lysed, 
centrifuged on alkaline sucrose and processed as described. Each 32r-
labelled Hpal restriction fragment, or a combination (L, M, and R) of 
equimolar amounts of fragments, was reannealed in the presence of the 
cellular (fractions 1-30 ) and viral (fractions 31 to the top) 
DNA peaks from infected cells. The results in section B of 
the table have be.en ob tained from reannealing kinetics in the presence 
of the cell DNJ\. peak only . The amounts of viral DNA sequences calcu-
lated f rorn reannealing kinetics were corrected for recovery of 3H 
counts as described for Tab]c. J. 
A control of uninfected cell DNA plus added viral DNA was used as 
usual to estimate contamination of the cell DNJ\. peak by fr ee viral DNA. 
lL was assumed tlwt contaminating free viral DNA contained equimolar 
amounts of each fragment to calculate the appropriate correction factors 
for the fragments. The number of AdS DNA equivalents (right) were calcu-
lated by reannealing kinetics with whole 32P-Ad5 DNA . The table includes 
(top) a map of the llpal restriction fragments of J\.dS DNA (Mulder et al ., 
1974). The numbers on the map are percentages of the distance from the 
left-hand end (O). 
For method of calculation of viral DNA in copies per cell 
and example see pl26a 
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Oll/\ TIT/\TIVF f~/\LYSIS OF Hr11I pfqRTCTlfll rNnOlllrLF/\SF FR/\Gfv1F~1T<: 
OF /\o5 rnA ASSO(IATrr ',•1ITH INFErTEn rnusr CFLL nNA FOLL()1•1ING 
ALKALINE Sl1CROSE GqAQ IF IT srn I rn1TATI nN 
E C G A 
0 4 24 26 
L 
B F D 
Hpal 
86i QO 
1
100 
R 
NO . OF EQUIVALENTS OF EACH HPAI NO , OF EQUIVALENTS 
RESTRICTION FRAGMENT OF ADS DNA OF ADS DNA 
CONDIT IONS PER CELL PER CELL 
E C A+B F n 
32, 5°C 70H P , I , 576 792 604 nso 743 588 10 IUICELL 
II II II 950 850 870 550 900 loo ci 
NO . OF EQUIVALENTS OF EACH GROUP 
OF HPAI RESTRICTION FRAGMENTS OF CONDITIONS ADS DNA PER CELL 
L M R 
32 ,5°C, 70H P,l, 900 650 1000 10 JU/CELL 
39,9°(, 24H P, I, 1300 850 1050 50 !Li/CELL 
a Total number of equivalents (xlo- 8) of viral DNA fragments 
JOS 
lls inf ct d at 32.S°C (Table 713). llowev r, a differ nee less than 
twof o1d in the molar amounts of these sequences is unlike]y to be 
significant and was not found in lat r experiments using cndonuclease 
llindIII. Sequences from every part of MS DNJ\ therefore appear to be 
int grat din mouse cells abortively infected by either MS or Ad tsJ6. 
The pat tern of integration is approximately the same in both cases. 
(ii) Analysis of Hindlll restriction fragments of AdS DNA integrated in 
mouse cells infected wiLh J\.dS wll<l type anc.l J\.<lS tsJG . 
32P-labelled Ad.S DNA of high specific activity was digested with 
Hindlll restriction endonuclease, and the DNA fragments were fractionated 
by electrophoresis on agarose gels (Figure 10) . 
At 39 . 9°C, the amount of viral DNA in cells infected with AdS ts36 
is very low , and sufficiently large amounts of infected cell DNA could not 
be obtained by alkaline sucrose gradient sedimentation to allow analysis 
of integrated sequences using each Hindlll restriction fragment . 
Therefore , combinations of equimolar amounts of HindIII restriction 
fragments of AdS DNA representing the left end 32 percent (L), the middle 
38 percent(M), and the right end 27 percent (R) of the Ad5 DNA molecule, 
w ~re used ns probes in reannea] ing kinetics with the above cell DNA 
(Table 8) . The number of copies of each set of fragments was calculated 
as described by Gelb et al. (1971). At 39 . 9°C the left, middle and 
right portions of the viral genome were integrated in mouse cells 
infected with AdS ts36, in approximately equimolar amounts. The same 
pat tern of integration was also observed in A<lS wild type infected mouse 
cells (Tables 7B and 8) . 
These results show that the full complement of the AdS DNA sequences 
is integrat d during the abortive infection of mouse cells with AdS 
wild type and that the same pattern of viral DNA integration is observed 
TABLE 8: Quantitative analysis of HindIII restriction endonuclease 
fragments of MS DNA associated with infected mouse cell 
DNJ\ following alkaline sucrose gradient' sedimentation 
Mouse cells, prelabelled with 3H-dThd, were infected by wild 
type or mutant virus under the indicated conditions. Cells were then 
lysed, centrifuged on alkaline sucrose gradients, and processed as 
described. Combinations (L, M, and R) of equimolar amounts of Hind.III 
. 32 
fragments of P-Ad5 DNA were reannealed in the presence of DNA from 
the cell peak (fraction 1-30, Figure 8). The amounts of viral 
seque~ces calculated from reannealing kinetics ~~re corrected for 
recovery of 3H counts as described in legend to Table 1 . The same 
control as that described in legend to Table 7 was used to estimate 
contaminatio~ of the cell DNA peak by free viral DNA . The number of 
equivalents of Ad5 DNA per cell (right) were cal~ulated by reannealing 
kine tics using whole 32 P-Ad5 DNA. The tab le includes a map of the 
llindIII restricti on frc.1gn:cnts of J\dS DNJ\ (Sambrook and Sussenbach, 
reported by ~layer and Ginsberg, 1977) . The numb'2rs on the map are 
percenta6es of the distance from the left-hand end (O). 
VIRUS 
ADS rs36 
ADS WT 
TABLE 8 
QUANTITATIVE ANALYSIS OF HrNDIII RESTRICTION ENDONUCLEASE 
FRAGMENTS OF ADS DNA ASSOCIATED WITH INFECTED MOUSE 
CELL DNA FOLLO\·J HlG ALKALINE SUCROSE GRADIENT SEDIMENTATION 
GE CH D A B Fl 
I I 11 I I I I H ind Ill 
0 6 15 32 35.5 49.5 73.5 92-5 100 M I I L 1---------1 R 
NO . OF EQUIVALENTS OF EACH 
GROUP OF HrNDIII RESTRICTION NO .OF EQUIVALENTS 
CONDIT ror;s 
39 .9°C 
24HP , I, 
50 ru/CELL 
32.5°c 
70 H P, r, 
10 ru/CELL 
EXP. l 
ExP, 2 
FRAGMENTS OF ADS DNA PER CELL OF ADS DNA 
PER CELL 
L M R 
-
6,3 9,7 11. 4 9,8 
7,3 12.3 Sl.2 15 
591 640 620 700 
w Ii ' ll L Ii e C l' 1 1 s il r j n r l' CL ,c.1 w l L h J\ u 5 t s J 6 <I t h O t h J 2 . 5 ° C ;)_ n cJ 3 9 . 9 ° C . 
They also suggest that tlie failure of AdS ts36 to transform at 39.9°C 
Ls not du to a failure to integrate the l cf end (transforming) 
porli<111 01 Lill' vir,1I DNJ\ . 
DISCUSSION OF RESULTS 
Th int Ljration of Ad.5 and of its mutants ts36 and tsl25 was 
investigated in mouse cells, which are abortively infected by group C 
adenoviruses. The cells were infected at the appropriate temperature 
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with either mutant, or with AdS wild type. AdS replicated its DNA in 
mouse cells at 39.9°C, but neither mutant did so. Both AdS and AdS ts36 
DNA replicated in these cells when infected at the permissive temperature. 
However, J\dS tsl25 was defective in DNJ\ replication in mouse cells at 
32.5°C. AdS tsl25 from the same stock used to infect mouse cells, grew 
efficiently and replicated its DNA in human cells at the permissive 
t mperatur . It also appeared that MS tsl25 stocks which contained 
r ver tan ts, produc ed increas ed amounts of viral DNA in mouse cells at 
J2. c °C . Tills Lndic.:::itc s that the t sl25 mutation is responsible for the 
r 'S LrlcLed vlr .:1I DNJ\ rc:pJl c aLLon _u1 mouse cc]ls . No cxplnnatlon for 
this phenomenon can be given at present. The 72K protein, prcx:luced in 
J\clS tsl25 infected permissive cells at th e permissive t emperature appears 
to be more thermolabile for binding to single stran<led DNA than the 
wild type protein (Levine et al. , 1974). TI1e possibility that the 
mutated protein can be complement ed at the permissive temperature by 
some thermosensitive cellular factor(s) pr s _nt in permissive human cells 
and not in non-permissive mouse cells cannot be excluded . However, it is 
mor e likely that the tsl25 mutation itself has more effect in non 
permissive than permissive cel ls at 32.5°C , i.e ., th e mutation causes a 
host ran g defect in DNA replication as well as a ts defect. In this 
respect, it is interesting to note that AdS tsl25 transforms rat cells 
more frequently than w.t . virus at the permissive as well as the non-
pe rmis siv t mperature, although viral DNA r eplica tion in human cells 
is defective only at the non-p ermissive temperature. 
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To investigate the integration of the viral DNA in mouse cells 
infected with AdS or either mutant virus , the infected cell DNA was 
purified by alkaline sucrose gradient sedimentation . The efficiency of 
this method for separating cell DNA from free adenovirus viral DNA, when 
this is present in large amounts , has been shown previously . Wild type 
and both mutant viruses integrated the same proportion of their DNA at 
permissive and non-permissive temperatures. From 7 to 13 . 1 percent of 
th~ viral DNA present was integrated into the DNA of mouse cells under 
all conditions, c1lthough in cel]s infected by either mutant at 39.9°C 
or tsl25 at 32.5°C the absolute number of copies of viral DNA integrated 
per cell was less than that in cells infected by wild type virus because 
the total amount of vir.:il DNA was l ess . The re s ult s suggest that the 
difference in transformation frequency at 39 . 9°C between AdS ts36 and 
tsl25 is not clue to a s imilar difference in integration frequency. 
In mouse cells infected with MS ts35 at 39.9°C, the pattern of 
integration o~ the viral DNA sequences is similar to that of ts36 DNA at 
32 . 5°C or wild type AdS DNA in the same cells . The left, middle and 
right portions of the genome appear to be equally represented within 
xperimental error among the integrated sequences. This suggests that 
the failure of AdS ts36 to transform non-permissive cells at 39.9°C is 
not due to a failure to integrate the viral DIA or the trapsforming 
portion of the viral DNA . The transforming capacity of AdS ts36 was 
tested in rat cells (Ginsb erg et al . , 1974). It is possible however, to 
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'XLrapol.1L<.' Lo r :1L cl·ll s Lli c r <.'s ull s ohLdn <.' d wilh mo 11 s c 11 s s ince 
A<l5 Ls JG abor Live lnfc cllon o[ mous ancl ral cc lJ s l s s lmlJ ar. 
luvesLLg,1Llons on L11 ' se que11 c. e s p <.' clrlclLy uf l11L e gc1Ll o n of A<l5 
Lsl2.'.., ln mou s e ce lls , at bo U1 J2. 5° C and J9.9°C, li :1v e bee n lilnclcr cd by 
the almost complete lack of replication of the viral DNA in these cells. 
In several att mpts insufficient cell DNA-associated viral DNA was 
recovered from tsl25 infected cells to allow analysis of the integrated 
sequences uslng rcstrlctlon e n<lonuclc.asc fragments o[ 
32
r-viral DNJ\. 
However, although the 72K protein is in some respects non functional in 
mouse cells infected with A<l5 tsl25 at either temperature, the same 
proportion of the input to viral DNA or of the very small amount of newly 
replicated viral DNA was integrated as in mouse cells infected with Ad5 
ts36 or Ad5 wild type. The obvious interpretation of this result is 
that the tsl25 protein is not directly involved in integration. 
This conclusion is in disagreement with a previous suggestion by 
Mayer and Ginsberg (1977) about the role of the tsl25 protein in inte-
gration and transformation. They proposed that the functional wild type 
72K protein reduces the frequency of transformation by decreasing the 
frequency of integration and also by restricting the viral DNA sequences 
that can be stably integrated mainly to part of the genome from the 
left-end. They suggested that the tsl25 mutation removes these 
restrictions, allowing more frequent and more extensive integration. 
llowev r, slncc the left 7 per cent end of th e AdS genome contains the 
only sequ -nc e s r e quir ed for transformation, it seems unlikely that the 
presence of additional sequences from other parts of the genome would 
increas e the frequency of transformation. More over, several predictions 
of the hypothesis proposed by Mayer and Ginsberg are incompatible with 
my r sults. If the ir suggestion were correct , then integration experiments 
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32 . wlth DNA from c lls inf ctcd by wild type AdS us ing whole P-viral DNA 
as probe should show an apparently low integration rate compared with 
ts125, and restriction of the sequences integrated would result in 
deviations from second order kinetics in the annealing curves (Frankel 
et al ., 1972). Similarly, restriction of the viral DNA sequences 
integrated in cells infected by wild type AdS should be detected ~sing 
restriction fragments of 32P-viral DNA as probes. None of these effects 
was observ d (Fi g ure 9) . It therefore seems likely that the influence of 
the tsl25 mutation on transformation frequency is due to some other more 
indirect effect . 
The integration of AdS ts36 and tsl25 has also been investigated in 
human HEK cells which are permissive for AdS. The network method was 
used this time to separate the cell DNA from free viral DNA as an 
alternative to centrifugation in alkaline sucrose gradients . To avoid 
contamination of the network fraction by free viral DNA at high concen-
tration, the analysis was done early (18 h after adding virus) at the 
permissive temperature. The results obtained suggest, in agreement with 
those reported during infection of mouse cells, that the percentage of 
viral DNA integrated in cells infected by the mutants at the non-permissive 
temperature is not very different from that found at the permissive 
temperature or that found for wild type virus in mouse cells, and that 
viral DNA replication is not required for integration. Previous studies 
on abortive infection of hamster cells with Ad12 also showed that, 
although the viral DNA did not replicate in those cells, it was neverthe-
less integrated (Doerfler, 1970). 
Chapter 4 
DISCUSSION OF RESULTS 
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The results of investigations into the integration of adenovirus 
DNA during productive and abortive infection have been reported in this 
thesis. CELO virus, an oncogenic avian adenovirus , and Ad5, a non-
oncogenic human serotype , have been chosen as convenient mcx:l.els for 
studying the integration of adenovirus DA during productive infection. 
In order to prove the integration of viral into cellular DNA, it is 
necessnry to show that viral sequences are covc1lently associated with 
cellular D1A sequences. During productive infection, large amounts of 
viral DNA are produced. It is possible to separate cellular DNA from 
free viral DNA by exploiting the differences in their physical properties, 
such as molecular weight , buoyant density and sequences reiteration. The 
cellular DNA can be separated from viral DNA by velocity sedimentation in 
sucrose gracllcnls , buoyant density sedimentation or network formation 
(Varmus et al ., 1973). 
Alkaline conditions during sedimentations will disrupt non covalent 
bonds. However, some contamination of the cellular DNA by free repli-
cating or mature viral DNA can occur during the separation procedure, 
and must be taken into account when the cell DNA is tested for integrated 
viral DNA sequences . Contamination of cellular DNA by as yet undetected 
forms of replicating viral DNA is extr emely unlikely; viral DNA sedi-
menting faster than virion size DlA in alkaline sucrose gradient , for 
instance covalently continuous concatemeric or circular viral DNA forms , 
have never been detected by pulse labelling during adenovirus DNA 
replication (Horwitz, 1971; Pearson and Hanawalt, 1971; Bellett and 
Younghusband, 1972 ; Sussenbach and van der Vliet , 1972 ; Pettersson , 1973; 
Pearson, 1975) . However, hypothetical concatemeric and fast sedimenting 
viral DA forms , which could cosediment with cellular DNA during velocity 
sedimentation in sucrose gradients , would be separated from cellular DNA 
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during buoyant cJ ns ity gr adie nt sed i mentaLL on. F or thi s r eason, I d ec id d 
to purify c 1 lular D A from Cli,K c e lls prcxlu c tive ly infe ct ed by CELO virus 
boLh hy v loc i Ly an<l by hu oy.111t cl 'n s lty scdLmC'ntati on. In ncl<lltion, 
c 11ulnr DNA pr ' pnr cd from infe c t ed ce lls by alkaline suc r ose gradie nt 
sedimentation, was further (r a ctionat c.d by the ne twork techniqu e , which 
is thought to t e st for covalent integration of viral DNA (Varmus et al., 
1973; Bellett, 1975) . The network technique distinguishes the cell DNA 
from tli' vi r.i I ON/\ 011 L11c- has is of li.lghly rc-pc•;1ted sequence s .ln the hir,h 
molecular weight cell DNA. 
Cell DNA from CELO virus infected CEK cells purified by one of these 
methcxls, or by a combination of them, was tested for viral DNA sequences 
by DNA-DNA reannealing kine.tics (Gelb et al ., 1971) . Comparable amounts 
of viral DNA, corresponding to 500-1,000 equivalents of viral DNA per 
ee l l, wcr' specifically :1ssocL1tcd w LLh the lnfccLed eel I DNA. These 
values have been obtained after correction for contamination of cellular 
DNA by free viral DNA. This contamination was accounted for by control 
·xpc.riments where label]e<l and un]abeJ lc<l vlral DNA were .:1clclcc.l to 
uninfecLctl CEK cell . 
The qualitative and quantitative agreement of the results obtained 
by three independent methods clearly indicates that the viral DNA 
associated with the cell DNA from CELO virus infected cells is due to 
integration into the cell DNA, and not to a hypothetical nonspecific 
trapping, or to as yet undetected forms of replicating viral DNA. Also, 
each of the methcxis of purification employed appears to be adequate, 
with the type of control used, for a quantitative analysis of the state 
of adenovirus DNA within the infected cells . It is therefore concluded 
that adenovirus DNA integrates into cellular DNA during productive 
infection . Experiments on the time course of integration show that 
integration is not detectable at 10 h post infection, but is detectable 
at 18 h post infect i on, and that its r ate increases at late t imes in 
infection. 
In order to und erstand whether viral DA replica ti on is necessary 
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for integration of viral DNA in lytically infected cells , the inte-
gration of AdS ts36 and tsl25 DNA was investigated in human HEK cells . 
These mutants cannot replicate their DNA at the non-permissive temperature. 
The network method was used to fractionate HEK cell DNA infected by 
either mut.:int ;it the rermi_ ss i_v e or th e non-p e rmissive t emperature. 
Approximately the same perce ntage of viral DNA became integrated in the 
cell DNA in cells infected by either mutant at the non-permissive tempera-
ture and was not very different from that found at the permissive 
temperature or that found in CEK cells infected by wild type CELO virus. 
This suggests that viral DNA replication is not necessary for inte-
gr ; J l i Oil • 
The integration of AdS and of its mutants ts36 and tsl25 was also 
investigat ed in abortively infected mouse cells. As previously 
described, the two mutants are DNA negative at th e non-p e rmisslvc 
temperature (Williams et al ., 1974; Ginsberg e t al ., 1974). AdS ts36 is 
also transformation negative at this temperature (Williams et al ., 1974), 
while AdS tsl25 transforms with increased frequency as compared to AdS 
wild type, at both permissive and non-permissive temperature (Ginsberg 
et al ., 1974). It was of interest to test whether AdS ts36 was also 
negative in integration at the non-permissive temperature and how it 
compared, with respect to its integrative properties, with AdS tsl25 and 
Ad5 wild type. Abortively infec ted cells were chosen for these investi-
gations since a small proportion of th em can become transformed, and, if 
altered ability to integrate is responsible for altered transformati'on 
capacity of the mutant viruses , this is most likely to be detected in 
abortively infected cells . 
113 
Tli pr ~vious cxr r Lrn 'n t 011 inLcgr.::ition during lytic infection showed 
that sedimentation in alkaline sucrose gradients, p]us the control used 
for contamination by free viral DNA , was an adequate method of separation 
of cell from vir<ll DNJ\.. This method removed intracellu]ar free viral DNA 
from the cell DNA, as ~.een in cell DNA prepared from CELO infected CEK 
cells at Oh and 10 h post infection (Table 4). It was therefore suit-
able for investi gating the integration of AdS ts mutants DNA into 
c. ,11uL.1r DNJ\. a L Lite 11 011-permlsslve Le1npcr~1 LurL', tl L wlli cl1 very smal] 
amounts of free viral DNA are present. 
DNA from mouse cells infected with either mutant or AdS wild type 
virus at both permissive and non-permissive temperature, was sedimented 
in alkaline sucrose gradients and the cell peak was tested for viral 
sequences by reannealing kinetics. The usual type of control was used 
to allow for contamination of cell by free vir;_il DNA. No significant 
difference was found between the percentage of viral DHA integrated 
by each mutant at either temperature, or between the percentage of 
viral DNA integrated by each mutant an<l tll;_it by wild type A<l.5. It 
appeared also that different parts of the AdS ts35 genome were nearly 
equally represented among the sequences integrated at the non-permissive 
temperature . 
The results on integration of adenovirus DNA during lytic infection 
presented here are in agreement with other reports on the same topic 
(Doerfler et al ., 1974; Burger and Doerfler, 1974; Schick et al., 1976). 
However, th xperiments by these workers did not rigorously take into 
account the problem of contamination of the cellular DNA which was tested 
for viral DNA sequences, by free viral DNA present in large amounts in 
productively infected cells . The viral DNA was also detected mainly in 
an unidentified species of labelled DNA which sedimented at 40 to lOOS, 
between the main viral and cell DNA peaks (Doerfler et al., 1974). 
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Therefore no convincjng data, ciLlicr quc:rntila.Liv or qualitative, on 
the integratjon of viral DA during productive infection were available 
when the i11v(.'sL ig.:1tions cl scribed her wcr unclcrtclkcn. Th sc studies 
show tlw t LnL gr at ion of ac.lenovirus DNA occurs both in lytic and 
abortive infection, and that viral DNA replication is not necessary for 
· ntegration in either type of infection . This is in agreement with a 
previous report (Doerfler, 1970) that the DNA of Adl2 integrated in 
abortively infected lwrnster cells in which viral DNJ\ rep]ication does 
not occur and was further ruled out by addition of cytosine arabinoside. 
From the time-course of integration during lytic infection (Chapter 2) 
it also appears that integration is not necessary for viral DNA repli-
cation , since viral DNA integrates mainly at late times after infection, 
when viral DNA synthesis is largely completed. 
Th' present investig~1Lions on Lile inLcgr.:1tion of odcnovirus DNA 
during lytic and abortive infection were undertaken with the aim of 
better und rstanding the meaning of integration in adenovirus-induced 
transformation. Evidence has been given that the viral DNA in adenovirus 
transform cJ cells is stc1bly integrated into cellular DNA (Bellett, 1975; 
Green el al., 1976) . Llowever, the role o[ inlcgratlon ln the trans-
formation process cannot be defined until tl1e viral and/or cellular 
functions responsible for it have been characterised. 
The finding that integration of adenovirus DNL\. occurs during both 
lytic and abortive infection suggests that integration of viral DNA is 
not likely to be responsible for cell transformation . It appears that 
integration of viral DNA occurs by the same mechanism, or £or the same 
reason, in both productively and abortively infected cells . This is 
likely to happen if integration is due to an active recombinational 
system in the cell, either pre-existing or activated by virus infection. 
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This would suggest that integration hns no role during productive virus 
rcplicntion. 
As mentioned previously, tr ansformed cells arise from a minority 
-4 -5 (10 to 10 ) of abortively inf ec ted cells . Following abortive 
infection by adcnovirus, many cells die (Strohl, 1969a; 1969b; 
Younghusband , Tyndall, and Bellett, unpublished results). In mouse cells 
abortively infected by Ad5 , viral DNA sequences representing different 
parts o[ the genome are equa]ly .1nd extensively integrc1ted into the cell 
DNA . Surprisingly, none of 28 cloned but unselected survivors of Ad5 
infection of mouse cells contained detectable viral DNA (H.B. Younghusband, 
personal communication) . This type of experiment has not been done 
before , and indicates that most of the cells that integrate viral DNA die, 
while most of the survivors appear to contain no viral DNA sequences, or 
t ll es c ar c pr 's c n t in a rn ou n Ls u n d c L c ct <.1 b l c w i th L Ii c v .i r o 1 pr ob c us eel . 
Whether these surviving cells are ' cured ' of viral DNA or they survived 
because they never contained extensive integrated viral DNA sequences , is 
not known . Hence , although integration of viral DNA is common in 
adenovirus infected cells, stable integration of substantial portions of 
the viral genome into the DNA of cells that subsequently survive and 
reprcxiuce is relatively rare (less than 1/28 in mouse cells) . This may 
contribute to the low frequency of transformation by adenoviruses. 
Generally , adenovirus transformed cells, which are selected from 
the survivors of abortive infection as rare clones of epithelial cells 
able to grow in 0.1 mM Ca++-, contain only parts of the viral genome 
(Sharp et al . , 1974 ; Gallimore et al . , 1974; Flint et al., 1976). In 
addition to the transforming viral sequences located within the extreme 
left 7 percent end of the adenovirus DNA (Graham et al., 1974), other 
viral DNA sequences derived from every region of the viral genome may be 
present in varying proportions . Only Adl2 transformed hamster cells 
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(Fanning and Do rfler , 1976; Gr en et al ., 1976) and two lines of rat 
cells transformed by AdS tsl25 at the non-permissive temperature (Mayer 
c1nd Ginsh rg, ]977) cont;iin close to tile full comp]cment of the adeno-
virus gcnom' . llow ver, though present, l;ite rcgLons of the viral DNA 
are not express d in transformed cells , and their presence appears to 
be irrelevant. For this reason it is very unlikely that the capacity 
of AdS tsl25 to transform with increased frequency at the non-permissive 
temperatur , is due to an incrensed extent of the viral DNA sequences 
integrated , as suggested by Mayer and Ginsberg (1977), since the only 
viral DNA sequences necessary for transformation are in the left-hand 
7 percent of the viral DNA. 
Mayer and Ginsberg (1977) also suggested that the tsl25 gene 
product directly controlled transformation by modulating the extent of 
viral DN.L\ inLcgr;J.tcd into tlic cell DNA . The rcsuJ ts prcscntc<l here on 
the integration of Ad5 and its mutants tsl25 and ts36, suggest that the 
tsl25 gene product is not involved in integration, and that it affects 
t ran sf ormation frequency [or- s orne other rcas on . Also tli c [ act that 
.L\dS ts36 , which is transformation negative at the non-permissive 
temperature, integrates every portion of its DNA during abortive 
infection at the non-permissive temperature as well as at the permissive 
temperature, shows that the effect of this gene on transformation 
frequency is also not due to an effect on the frequency of integration 
of viral DNA during abortive infection. 
In 'Onclusj_on, all parts of the genome of a.clenovirus are integrated 
with the DNA of abortively infected cells , while most transformed cells 
contain only part of the viral DNA . This appears to be due to the fact 
that transformed cells are a selected population, while abortively 
infected cells represent a mixed population of cells which contain a 
minority of ells destin d to survive, and an even smaller proportion 
of potential transformants. Viral genes that influence tl1e frequency 
of transformation do not appear to do so because o[ an effect on 
intcgrnti o n . 
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Chapter 5 
MATERIALS AND METHODS 
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Cc] ls and Medi .:1 
Prim0ry cultures of chjck embryo ki_dncy (CEK) cc.lls w'rc prcp0rcd 
as describ d by Laver et al. (1971). Human KB and KEII ce]ls were grown 
in Eagle's medium supplemented with 10 percent bovine serum. Mouse cells 
were a continuous line of C57 Black mouse embryo cel]s (C57Bl J.M. cells) 
originally isolated by Dr J . T. May on a 3T3 schedule and since maintained 
as rt continuous cell line. 
Viruses and Virus Growth 
CEL0 virus was grown in CEK cells , adenovirus type 5 was grown in 
KB cells. Virus was purified in CsCl density gradients as reported by 
Laver et al . (1971) and Younghusband and Bellett (1971), and titrated by 
the indirect imrnunofluorescence technique (Philipson, 1961). Virus titers 
are expressed as infectious units (i.u.) per cell . AdS ts36 and tsl25 
were kindly supplied by Dr W. C. Russell and Dr J. F. Williams . The 
mutants were grown in KB cells at 32-33°C and titrated in HEK cells at 
th e same temperature. 
Ratliouctive lsotopes 
32
P (carrier-free) was obtained from the Australian Atomic Energy 
3 Commission, Lucas Heights , Sydney, and methyl- H-thymidine (48 Ci/mmol) 
and 2- 3H-adenosine (20 Ci/mmol) from the Radiochemical Centre, Amershan, 
U.K. Measurement of radioactivity was done as described by Younghusband 
and Bellett (1971). 
Viral DNA 
Viral DNA was prepar d as described by Laver et al . ( 1971) . For 
preparation of high specific activity 32P-labclle<l CEL0 virus DNA, 1 mCi 
of 32P was used for each 60 mm petri dish of infected CEK cells (2 . 5 ml 
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of phosphate free medium); high specific activity 32P-labelle d adenovirus 
32 2 type 5 DNA wos obtained using 5 mCi of P for each 75 mm Falcon bottle 
of infected KB cells (equivalent to about three 60 mm petri dishes of 
infected cells) . The specific activity of 32P-CELO virus DNA ranged 
between 300,000 and 700,000 Cerenkov cpm per µg and that of AdS DNA 
between 1 million and 1.5 million Cerenkov cpm per µg. 
Total Intracellular DNA 
Confluent cell cultures either infected or uninfected were washed 
twice with phosphate buffered saline (PBS) and lysed by incubation for 
2 hat 37°C with 1 ml per 60 mm petri dish of 1 mg/ml of pronase 
(preincubated 1 hat 36°C) , 0 . 1 M NaCl , 5mM EDTA, lOmM Tris-HCl, pH 7.9, 
0.5 percent SDS. The DNA was extracted twice with phenol saturated with 
0.1 M NaCl, 0.05 M Tris-HCl, pH 7.9 dialysed against 0.15 M NaCl 15nM 
sodium citrate, treated with ribonuclease (200 µg/ml) for 2 hat 37°C 
followed by pronase (500 µg/ml) for 30 min at 37°C, and extracted twice 
with chloroform-isoamyl alcohol (24:1) . The DNA was then precipitated 
with ethanol and redissolved in STE (0.1 M NaCl, 50mM Tris-HCl, pH 7.4, 
lmM EDTA). Th concentration of DNA was determined by ultra violet 
(U.V.) spectrophotometry , assuming 1 absorbance unit at 260nm equals 
5 0 µg /ml DNA. 
Sedimentation of Intracellular 3H-DNA in Alkaline Sucrose Gradients 
(i) CELO virus-infected CEK cells 
Primary chick cells were grown to con£ lucnce in medium containing 
3H-dThd (2-5 µCi/ml) . The cells were then infected with CELO virus at a 
multiplicity of 1-23 i.u./cell and changed to fresh medium without 
3 11-cl.Thd . .L\t the desired time post infection, the cell monolayers were 
washed with PBS and lysed for 1 hat room temperature with 1 ml/dish of 
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o[ 0 . 3 M Nc10ll, 0 . 5 perc nt SDS , 0 . 3 M N.:iCJ, 3mM EDTA . Th Jysate was 
th n gent ly poured on t o th top of a preformed JS ml 5 percent - 20 percent 
alkaJin sucrose gr.:idlent (0.J M N.:iOll, 0 . 7 M NuC1); each gradien t was 
load ed with 2 ml of lysatc, corr espondi n g to arproximately 7 x 10 6 cells . 
The gradients were centrifug d at 15°C for 2.5 hat 24,500 r.p.m. in a 
Spinco SW27 rotor . In some experiments the cells were lysed by a modi-
fication of the method of McGrath and Williams (1966) , i.e., the cells 
wt' r c' L r y p s i 11 i s L' cl , w.: t s 11 l'd w i th P BS .:i n cl 1 ; 1 y c r c d d i r C' c t J y on t 11 c t op o [ n n 
alkaline sucrose gradient betwe e n two layers of the alkaline lysing 
solution described above . About 7 x 10 6 cells, corresponding to the 
number of cells from two confluent cell monolayers in 60 mm petri dishes, 
were layered on each gradient , allowed to lyse at room temperature for 
1 h and then centrifuged as above . 32P-CELO virus DNA was added to the 
cell ly sa lc prlor Lo loa<llu g onto Lile gra<llcnt as a se<llmentatlon marker. 
After centrifugation the gradients were fractionated from the bottom and 
a portion of each fraction was counted in a Packard Scintillation 
Spectrome ter . The fractions corresponding to the viral and the cell DNA 
peaks were each pooled, neutralised with acetic acid, dialysed against 
0 . 1 percent SDS in STE and concentrated by precipitation with 2 volumes 
of ethanol at -20°C or by dialysis against solid Carbowax (polyethyl-
englycol) 6000, and then dialysed against 0 . 1 percent SDS in STE . The 
amount of DNA was determined as above. In control experiments about 
4 µg of unlabelled CELO virus DNA was added to each 60 mm petri dish of 
confluent uninfe c t ed CEK cells. The cells were then lysed and processed 
as describe d above . The total amount of viral DNA in each sample was 
determined by DNA-DNA reann ealing kinetics as described below. 
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(ii) MS, i\dS tsl25 and i\dS tsJ6-infectcd C5713J J.M . mouse cells 
C57BlJ.M . mouse cell cultures were prelabelled for 18-24 h with 
3
H-dThd (0.5 - 1 µCi/ml) prior to infection. Semic onfluen t cell mono-
layers (10 6 - 2 x 10 6 cells/60 mm petri dish) we re then inoculated with 
Ad5 virus or its mutants ts36 or tsl25 at a multiplicity of infection 
of 10 i . u . /cell when virus was grown at 32.5 - 33°C and at a multiplicity 
of 50 i . u . /cell when virus was grown at 39 . 9°C. The virus inoculum was 
allowed to adsorb to the cells for 1 h at room temperature; medium 
prewarmed at the appropriate temperature was then added to the cultures 
and incubation continued for 23-24 hat 39 . 9°C or for 70-72 hat 32.5°C. 
The cells were then washed and lysed . The lysate was centrifuged on 
alkaline sucrose gradients as described for CELO virus-infected CEK cells. 
Each alkaline sucrose gradient was loaded with the lysate from two 
60 mm dishes of cultured cells , equivalent to a maximum of 3 x 10 6 cells. 
32
P- labelled Ad5 DNA was added to the cell lysate , prior to loading on 
the gradients , as a sedimentation marker . 32 However , P-Ad5 DNA was never 
added to cells infected by either mutant virus at 39.9°C, since a very 
small amount of viral DNA is synthesised at this temperature. The 
contribution of the 32P-viral DNA marker to the total amount of viral 
DNA produced at 32 . 5 - 33°C is negligible . After centrifugation , the 
gradients were processed as described above. In control experiments, 
from 4 to 10 µg of AdS DNA was added to each 60 mm dish of mock infected , 
3 H- prelabelled mouse cells. The cells were then lysed and processed as 
described . 
Sedimentation of 5-Bromo-2-deoxyuridine labelled intracellular 3H-DNA 
in CsCl equilibrium gradients 
CEK cells were gr own to confluence in BHK Eagle ' s medi.um containing 
10 µg/ml of 5-bromo-2-deoxyuridine (BUdR) , 10 µg/ml of 2-deoxyuridine, 
1 µg/ml o[ 5-Fluoro-deoxyuridine, and 5 µCi/ml of [2- 311] Adenosine. 
BUdR was removed by thorough washing and the cells were then infected 
with CELO virus and incubated in medium containing 10-SM thymidine. 
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At various times post infection (usually 36 h) the cells were lysed as 
described above to obtain total intracellular D A. BUdR labelled cells 
and DNA pr par cl from them were protected from light to minimise break-
down of the DA . CsCl gradients were prepared by mixing solid CsCl 
wlLh th DNJ\ prep~1rJ.Lion and iLher ncuLrn 1 (]Om 1 Tr ls-NC1, pl! 7 . L1) 
or alkaline (O . l NaOH) solution to make up a 5 ml solution of density 
1 . 76 g/ml for neutral CsCl or 1 . 81 g/ml for alkaline CsCl . 32 P-CELO 
v i rus DNA was added to each gradien t before centrifugation as a marker . 
The san~les were overlaid with paraffin oil and centrifuged in the 
Spinco Ti 50 rotor at 40 , 000 r . p . m. fo r 48- 70 h . The gradients were 
then frc1ctionaled from the bottom c1nd a portion (20 to 50 µl) of each 
fraction was counted in water soluble scintillation fluid . The fractions 
correspon<llng to the 311-cell DNA and the 32r-vlrc1l DNA were pooled, 
dialysed against 0 . 1 percent SDS in STE , and the amounts of DNA were 
determined by U. V. spectrophotometry . In control experiments, 
uninfected 3ll-BUdR labelled CEK cells were used and unlabelled CELO 
virus DNA was added before lysis . The total viral DNA in each sample 
was estimated by DA- DNA reannealing kinetics, as described below . 
Analysis of Integration by the etwork Technique 
(i) Furth r analysis of fractions from alkaline sucrose gradients of 
CELO virus infected cells 
311-cell D A from alkaline sucrose gradients was ethanol precipi-
tated, dissolved in lSmM aCl and l.5m1_v1 trisodium citrate, and further 
anc1lys ,c1 by th, n~twork rnethcxl (Varmus et al., 1973) . 3 11-DNA from 
infected cells was added at a final concentration of 6-8 µg/ml 
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(7 ng/ml viral DNA) to about 300 µg/ml of DNA extracted from uninfected 
cells . 32P-CELO virus DNA was added to determine contamination of the 
cell DNA network by free viral DNA . The DNA sample was then denatured 
by heating at 100°C for 7 min, made 0. 6 M in NaCl and allowed to reanneal 
to a Cot of 2-3 Mole sec /1 at 68°C. The sample was then centrifuged in 
a Ti50 rotor at 40,000 r.p.m. for 15 min, the supernatant was removed and 
the visible pellet resuspended in 15mM NaCl, l.5nM sodium citrate. The 
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~11nounts of 11-cc J l DNA a ncl free r-viraJ DNA ln th e network and super-
natant were estimated from radioactivity mea.surements and the amount of 
viral DNA in each was determined by reassociation kinetics. The amount 
of viral DNA integrated into the cell DNA was then calculated using an 
eq uation described by Bellett (1975). 
(ii) Network analysis of total DNA from HEK cells infected with 
Ad5 ts 36 or tsl25 
HEK monolayer cultures (15 to 20 cultures per sample, each about 
2 x 10 7 cells ) were inoculated with 3 PFU/cell to 6 PFU/cell of Ad5 ts36 
or tsl25 at e ither 32.5 - 33°C or 38 .5°C. After 2 h, 20 ml medium was 
acid d to each culture and incubation continued for a further 16 h at the 
same temperature. The cells were washed twice with PBS, and total 
intracellular DNA was prepared as described above, except that the 
ethanol precipitation step was omitted. The samples were made 0.3 Min 
NaOH, left at room t emperature for 15 min, and dialysed against 
0.6 M NaCl, 0.05 M Tris pH 7.2, 1rnM EDTA, 0.1 percent SDS. 32P-Ad5 DNA 
was added to 5 ml of each sample to measure pelleting of free viral DNA 
and both portions of each sample were annealed to a Cot of 2 Mole sec/1. 
The network was pelleted at 140,000 g for 15 min in the MSE 8 x 50 ml 
rotor. Th supernatant was again centrifuged . The combined network 
pellets from the two centrifugations were suspended in 10 ml of 0.3 M 
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N 011 Tl . . . 32P MS d a . 1 portions containing - DNA were counte and the remaining 
portions were boiled for 20 min, neutralised, precipitated with 2 volumes 
of ethanol at -20°C and redissolved in and dialysed against 0.01 M NaCl, 
0 . 05 M Tris pl! 7 .2, 1 mM EDTA . The cell DNA concentration in each fraction 
was measured by optical density at 260nm, and the amount of viral DNA by 
reassociation kinetics as described below, using DNA from uninfected HEK 
cells as a control. The amount of integrated viral DNA was then calculated 
as be[ ore . Tlic. res u1 ts wcr :ils o cor rec Led [ or rec ovcry of DNA measured in 
parallel samples in which cell DNA was labelled with 3H-dThd and 32P-M5 
DNA was added. 'I11e recoveries of cell and viral DNA were always similar, 
but recovery of DNA from the supernatant fractions (60 percent to 70 per-
cent) was usually less than that from the network fractions (>90 percent). 
DNA-DNA Reannealing Kinetics 
The method of Pettersson and Sambrook (1973) was used. 32 P-labelled 
vir u s DNA, or restriction fragments of 32P-labelled virus DNA, were 
sonica ted with a Branson sonifer (Microtip) on setting 7 for a total of 
1 minute . The sonicated 32 P-DNA was mixed with DNA purified from virus 
infected or uninfected cells as described above and calf thymus DNA was 
then added to a final total concentration of 800 µg/ml . The calf thymus, 
and the CEK or the mouse cell DNA had also been fragmented by sonication. 
The DNA samples were denatured by heating at 100°C for 10 min and allowed 
to reassociate in 1M NaCl at 68°C. Samples were taken at intervals 
diluted tenfold in 0 . 14 M phosphate buffer pH 6.8, at 0°C, and the 
fraction of 32P-DNA that remained single-stranded was determined by 
chromatography on hydroxylapatite (Bio-Gel HTP) at 60°C . Radioactivity 
was determined by Cerenkov radiation. The reciprocal of the fraction of 
32 P remaining single-stranded was plotted against time and the slopes of 
the lines were calculated by the least squares method. The ratio of the 
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slopes obtained for the reassociation of 32P-viral DNA in the presence of 
DNA from infected cells plus calf thymus DNA and in the presence of calf 
thymus DNA alone was used to calculate the amount of viral DNA in the 
cell DNA (Gelb et al ., 1971). 
Digestion of 32P-Ad5 DNA with Restriction Endonucleases Hpal or Hind III 
Restriction endonuclease Hpal was kindly donated by Dr K.D. Brown 
Restriction endonuclease HindIII was purchased from New England Biolabs. 
The HpaI enzyn1e reaction mixture contained: l0mM Tris-HCl, pH 7.9, 
l0mM MgC1
2
, l0rrM 2-mercaptoethanol, and the HindIII reaction mixture 
contained : 7mM Tris-HCl, pH 7.9, 7mM MgC1
2
, 60mM NaCl. The amount of 
enzyme required for complete digestion was previously determined in trial 
reaction mixtures containing unlabelled AdS DNA. In every digestion of 
32P-Ad5 DNA at least twice the amount of enzyme required to digest that 
amount of DNA was used . Digestion was usually performed in a volume of 
50-60 µlat 37°C for 1-2 h. Immediately after the digestion was completed , 
the digests were ice cooled and electrophoresed on agarose gel . 
Gel Electrophoresis and Purification of 32 P-Ad5 DNA Restriction Fragments 
Gel electrophoresis was done in 0 . 8 percent agarose (Sigma, electro-
phoresis grade ) horizontal gels . The electrophoresis buffer contained SmM 
sodium acetate,40mM Tris-HCl , pH 8.2 , lmM EDTA. After electrophoresis, 
the DNA was visualised within the gel either by staining with ethidium 
bromide (0 . 5 µg/ml in electrophoresis buffer) for~ h (Sharp et al., 1973) 
or by autoradiography (Kodak RP X-Omat film). Ethidium bromide stained 
gels were photographed through a Kodak No.23 filter onto Polaroid film 
using ultraviolet illumination. Each of the 32P-fa~5 DNA fragments was cut 
out of the agarose gel , dissolved in 5 M NaC10 4 at 60°C for~ h, and 
loaded onto a 0 . 5 - 1 ml packed column of hydroxylapatite (Biogel, DNA 
grade) previously equilibrated with 5 M NaC10 4 (Daniell, 1976). 
Each hydroxylapatite column was then washed in order , with 5 ml of 5 M 
NaC10 4, 5 ml of 0 . 14 M phosphate buffer, pH 6 . 8 , and a total of 4 ml 
(1 ml first and then 3 ml) of 0 . 4 M phosphate buffer . 80 percent -
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32 90 percent of the P-DNA fragments were eluted as double stranded in the 
0 . 4 M phosphate fraction . The 0 . 4 M phosphate fraction was then 
extensively dialysed against STE . The pur ity of each fragment was tested 
by elec tr ophores is of a small sample of each DNA f r agmen t and , when 
necessar y , fragments wer e f ur t her purif i ed by elect r ophoresis as 
descr ibed above . 
Radioactive profiles shm,,'Tl in the fi gures were norn2.lis2~ 
r e l a t i ve to peak heighL f or ease of comparison. The r adio2c ti-,"'i ~..-., 
in thes e peaks ~as as io llo~s: 
Fig . 5: 3H cpm in ce ll pea--c :(A): 4580; (B): 4059 
32P cpm in vira l peak:(A): 1,000 (B): 1200 
Fig . 7: (a) 3H C?ID in cell peak . 2900 . 
32P cpz::i in viral peak . 1900 . 
(b) 3H C-.J IIl i n cell peak . 4000 . 
32P cpil in viral peak . 2,100 . 
(t.:) 
3 __ 
i n ce l l pea..l.( . 1,800 ti c om. . 
32P cpn in viral peak . 750 . 
(d) 3H cpJ i 0 cell peak : 2,500 
32 P cp2 i n vi r a l pe ak : 800 
Fig . 8: 3 R cpm i~ cell peak (B) :18,000; (A) 12,200 
32 P cp• in vi r al pea~ (B): 2000; ( A) : 250 0 
Cell numbers r eferred t o ::_:1 the t hesis were determined at the 
start of each experi::ient , and ,;.,- 2: ::-2 not used to calculate viral DNA 
copies per cell . Cop ies per c e~l of viral DNA were obtained by 
dividing the number of viral D};_!._ :::1o lecules by the number oi diploid 
equivalents of cell DNA as described in the Legend to Table 1, and 
in Table 4 of Gelb , Kohne and }i2~tin (1971). The amount of cell DNA 
was fr om A260 (corrected for hyp 2rchromicity and recovery of 3H as 
required}~ Be cause cell n UIDbers i~creased during some ex periments, and 
be.cause the mouse cells used wer~ subtetraploid, the number of diploid 
.. 
equivalents of cell DNA often ex2e2ded t he initial number of . cells taken. 
Sample calculation : Tab l e 6 r o¥ 3 (Ad5 ts36 32.5°) 
AdSD~A = 3. 8 x 10-llµg,Diploid mouse DNA = 6 x l0-6µg 
~ 
0.16µg viral DNA= 0.16 = 4.2lxl09 "copies" 
42 . 9µg cell DNA = 
3.8x l0-ll 
42 .9 = 7. iS x 106 (diploid) "cells" 
6 X 10-6 
Copies/cell viral DNA = 4 . 21 x 109 
- - 106 7 . _ :J X 
= 588 copies/ce ll. 
12':2. 
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